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MOBILE SYSTEM WITH
NETWORK-DISTRIBUTED DATA
PROCESSING FOR BIOMEDICAL
APPLICATIONS

CROSS-REFERENCE TO RELATED
APPLICATION

This is a continuation-in-part of application Ser. No.
12/885,520, filed Sep. 19, 2010, which was a continuation-
in-part of application Ser. No. 11/641,268 filed Dec. 20, 2006,
now U.S. Pat. No. 7,801,591, which was a continuation-in-
part of application Ser. No. 10/816,638, filed Apr. 2, 2004,
now U.S. Pat. No. 7,343,197, which was a continuation-in-
part of application Ser. No. 10/124,651, filed Apr. 17, 2002,
now U.S. Pat. No. 6,925,324, which was a continuation-in-
part of application Ser. No. 09/583,668, filed May 30, 2000,
now U.S. Pat. No. 6,389,308.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
the contract HHSN268201200066C awarded by the National
Institutes of Health. The government has certain rights in the
invention.

FIELD OF THE INVENTION

This invention relates to the field of biomedical devices and
healthcare information management systems; and more spe-
cifically, to monitoring medical and health data (e.g., vital
signs), diagnosis, analysis and decision support utilizing net-
work (cloud) distributed data processing.

BACKGROUND OF THE INVENTION

Recent advancements in mobile computing (i.e., smart
phone technologies) and physiological sensors have led to the
development of miniaturized, wearable and easily attachable
sensors, which can collect, process, and transmit data to a
smart phone or other mobile devices and if necessary, send the
data and/or alarms to healthcare professionals using wireless
communication, specialized computer networks or the Inter-
net. The mobile devices can also display the results of testing
and send feedback (e.g., diagnosis and/or recommendations)
from healthcare providers. Common examples of such sys-
tems include mobile (body-worn or attached) systems for
monitoring vital signs, including heart rate, respiration, blood
pressure, oxygen saturation, glucose and other physiological
data, psychophysiological questionnaires and behavioral
assessment programs. Such systems have been used by lay
public (consumers) for personal health tracking and fitness
training (e.g., exercise level, weight, diet, glucose level, etc.),
as well as by healthcare providers for remote management of
patients with chronic diseases (telemedicine). In the tele-
medicine applications, patients located at home are moni-
tored by healthcare professionals remotely, from a hospital,
clinic or monitoring facility. Some other examples of mobile
systems include those utilized by emergency medical ser-
vices (EMS) for monitoring and transmitting vital-sign data
from the patient’s home or ambulance to the healthcare pro-
fessionals located at healthcare clinics, offices, hospitals or
monitoring facilities.

Initially, mobile systems described above used computer
networks and the Internet primarily for data transmission and
storage. However, manual or semi-automatic processing and
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analyzing large amounts of continuously collected physi-
ological data is time consuming and labor intensive, which
creates a significant burden for the healthcare professionals
(physicians, nurses, technicians) and leads to the information
overload, errors and processing delays. Recently, such data-
intensive problems, which are collectively referred to as the
“big-data” problem, have been cited by the Office of Science
and Technology as one of the most important challenges
facing the Nation and its healthcare (“Big Data Research and
Development Initiative”; Office of Science and Technology
Policy, Mar. 29, 2012). This invention addresses several
important types of Big Data; specifically, physiological, psy-
chological, and behavioral data continuously or repeatedly
collected over time, also referred to as the serial analysis or
time-series analysis. One challenge of such analysis is related
to the need to process large amounts of data collected over
time (e.g., continuous electrocardiographic data, physical
activity, blood pressure, blood glucose level, etc.) in the pres-
ence of various confounders, including changing environ-
mental conditions, physical activity, psychological status,
sleep/wake cycle, and so on. Another challenge is related to
the necessity to combine information obtained from different
sources (also referred to as the data fusion). For example,
episodes of fainting (syncope) could be detected from the
continuous tracking of physical activity and body position,
whereas electrocardiogram and blood pressure can be useful
for discerning underlying physiological mechanisms and
triggers of fainting (e.g., sudden drop in blood pressure or
cardiac arrhythmia). The analysis, however, is usually
obscured by a number of confounders, including ambient
noise, environmental factors, physiological and psychologi-
cal activity. Combining (fusing) different types of informa-
tion, such as physiological, behavioral, molecular, genomics
and proteomics data, which have different time scales, reso-
lutions and analysis rules, further increases the complexity of
this problem.

Clearly, the solution of Big-Data problem lies in the utili-
zation of network-distributed computing/processing (the
Internet-cloud or cloud computing) and its resources. In par-
ticular, these resources can be used for processing vast
amounts of continuously collected physiological data (elec-
trocardiogram, blood pressure, glucose, etc.), as well as
genetic, biochemical and molecular data. However, the devel-
opment and implementation of such mobile, network-distrib-
uted systems are not trivial due to multiple requirements and
constraints. In particular, 1) the data have to be processed
accurately and quickly (either in real time or with minimal
delays) on mobile systems with limited computational
resources; 2) large amounts of data need to be transmitted to
a network cloud or some other remote location over the net-
work (e.g., healthcare institution) using wireless communi-
cation, which often has alimited or varying speed, connection
quality and may experience delays or connection failures, and
3) the time-sensitive information (e.g., life-threatening
abnormalities, vital signs, test responses) or trends (e.g.,
trends in blood pressure, physical activity, glucose level, cho-
lesterol, weight, etc.) need to be presented in a short, clear and
user-specific formats for healthcare professionals and indi-
vidual consumers.

One commonly used approach is to perform data analysis
at a single location (either at the user’s location or on the
cloud). For example, mobile devices can collect biomedical
data (e.g., blood pressure, ECG, glucose level, weight, physi-
cal activity, body position, respiration, sleep duration/quality,
behavioral and psychological status) and send it to a smart
phone for processing and analysis (e.g., calculation of heart
rate, calories, number of steps and other parameters). How-
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ever, processing data locally, using a small processor with
limited computational resources, while also performing sev-
eral other concurrent functions (e.g., real-time data acquisi-
tion, formatting and display), usually requires simplified sig-
nal and/or image processing and may lead to inaccuracies in
data analysis and/or display, as well processing time delays.
Although this might be appropriate for some simple data
types (e.g., number of steps or calories burned), many bio-
medical signals require advanced signal processing, pattern
recognition and computational algorithms, which cannot be
easily simplified. For example, accurate analysis of continu-
ous electrocardiographic (ECG) signals usually requires fil-
tering, advanced classification algorithms and pattern recog-
nition methods. Although small microcontrollers with limited
computational resources have been utilized for ECG process-
ing in the implantable cardiac devices and ambulatory loop
recorders, the results are usually substantially less accurate
(misclassified cardiac beats and arrhythmias) compared to the
analysis performed on a powerful computer utilizing
advanced signal processing and pattern recognition algo-
rithms.

Another commonly used approach is to collect the data on
a mobile device (smart phone) or computer; send it to the
Internet cloud (or network server) for analysis, and then for-
ward the results to users’ mobile devices or computers. This
approach has become more common with the development of
high-speed mobile communication. It is often implemented
using JAVA programming environment, which makes the
programs compatible with different types of mobile devices,
computers and operating systems. In this approach, the user
only has a simple viewer program, which receives and dis-
plays the data (e.g., ECG waveforms) and results of analysis
performed on the cloud.

However, this approach also has drawbacks. One problem
is related to the limited transmission speed and associated
delays when large amounts of continuous, multichannel data
are transmitted over a wide-area wireless network or the
Internet. This problem becomes even more challenging when
continuous data are transmitted from multiple users (e.g.,
multiple channels of continuous ECG, blood pressure, pulse
oximetry and other data sampled at 1 kHz/channel), which
can further increase time delays and network traffic over-
loads. When the data analysis is time sensitive, for example,
when vital signs are analyzed by Emergency Medical Person-
nel in patients with chest pain, any time delay can be danger-
ous. To obviate this problem, U.S. Pat. No. 8,255,238 to
Powell et. al. discloses a system for remote patient monitor-
ing, which includes physiological sensor(s), a healthcare
facility data processing/storage system and a remote hand-
held device. The system operates with the help of two graphi-
cal application program interface (API) systems. The 1* API
operates in conjunction with the healthcare facility data pro-
cessing and storage system; it conditions (compresses) data
for streaming across a cellular network and for reception and
display on a handheld device. The 2"¢ API operates in con-
junction with the handheld device; it conditions (compresses)
the data for faster display (rendering) on the handheld device.

SUMMARY OF THE INVENTION

This invention further extends the scope of methods and
systems for multi-scale data processing and analysis
described in Shusterman patents and pending application
cross-referenced above. These methods and systems are par-
ticularly useful for computationally intensive tasks that can
be distributed between devices and computers connected to a
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computer network, local-area network, wide-area network,
wireless network or the Internet cloud.

Objectives and advantages of this invention include: 1)
substantially continuous data compression, filtering and
streaming from mobile data-collection devices to the cloud in
near real time; 2) substantially continuous data compression,
filtering and streaming data from the cloud to mobile devices
for displaying in near real time; and 3) substantially continu-
ous data compression, filtering and streaming from wireless
data-collection modules to the receiving stations during mag-
netic-resonance imaging.

Briefly, the methods and systems for multi-scale data pro-
cessing and analysis in Shusterman patents distribute data
processing in scales (levels of detail, resolutions) according
to computational resources, amount of data being processed,
computational intensity of processing algorithms, the need to
analyze and present the data in real time and/or on site, the
need to transmit the data, results of analysis and/or alarms to
aremote location, and other setting-specific and user-specific
requirements. The 1% scale (low-resolution) processing and
analysis is preferably performed using mobile devices with
limited computational resources (e.g., smart phone) by com-
pressing (conditioning, rectifying) the signal and/or image
data into a small set of primary elements (principal compo-
nents, primary elements, leading indices), which represent
the most important and/or typical features of the data in a
succinct, compressed form onsite, in real time. For example,
typical features of electrocardiographic signals may include
duration of RR and QT-intervals, the amplitude of the ST-
segment, and compressed patterns, segments or features of
electrocardiographic waveforms (e.g., its basis vectors or
eigenvectors and its respective coefficients). For pulse oxim-
etry, these may include oxygen saturation and compressed
features of the pulse-oximetry waveforms (e.g., its basis vec-
tors or eigenvectors and its respective coefficients). For arte-
rial blood pressure, these may include systolic and diastolic
pressure and compressed features of the pressure waveforms
(e.g., its basis vectors or eigenvectors and its respective coef-
ficients). The 1% scale processing is optimally suited for ana-
lyzing and presenting (displaying) most significant param-
eters or changes (e.g., changes of vital signs) on a handheld,
mobile device (smart phone), personal computer or computer
tablet. Information presentation is preferably user specific
and may be presented in numeric, textual or graphical form; it
may be color coded (e.g., green color representing normal
values; yellow representing borderline and red representing
abnormal values). Thus, the results of the 1% scale of analysis
serve two purposes: (i) they provide immediate, access to
critical information (e.g., vital signs) locally, on-site; and (ii)
allow fast and efficient data compression because transmit-
ting small number of key indices (such as heart rate, blood
pressure, amplitude of the electrocardiographic ST-segment)
over a network (e.g., using a mobile, wireless cell phone,
Wi-Fi, Bluetooth or other types of communication) is faster
and more efficient than continuous transmission of raw sig-
nals. The raw signals can be stored locally, uploaded to the
cloud or transmitted to a remote location, if needed.

The higher-scale (resolution) processing entails more
advanced and computationally demanding (intensive) analy-
sis, which requires greater computational resources and
therefore is preferably performed on a powerful computer,
network of computers such as the Internet cloud. This higher-
scale processing is suitable for large amounts of long-term,
continuous data or serially (repeatedly) collected short-term
data (e.g., long-term recordings of vital signs or serially col-
lected short-term measurements of vital signs, physical activ-
ity, psychological activity or behavioral status). In addition to
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the large data volumes, serial analysis is computationally
demanding because of various confounding factors (e.g.,
ambient environmental noise, electromagnetic interference,
movement artifacts, changes in sensor and/or body position,
physiological activities, sleep, exercise and other factors).
Processing accuracy and efficiency is optimized by determin-
ing an individual’s serial reference (baseline) pattern and
comparing newly collected data with an individual’s base-
line. I have shown that such analysis is particularly useful for
detecting, claritying, filtering, compressing and rectifying
hidden structures or subtle changes and/or trends in serial
data, which might otherwise escape detection by visual
inspection or traditional statistical methods. In particular, I
have shown that such a “personalized”, multi-scale approach
accurately tracks changes in an individual’s data, including
subtle, complex or gradual changes, including early warning
signs of life-threatening clinical events.

In addition to the waveform patterns and their main char-
acteristics (e.g., compressed waveforms, their segments,
eigenvectors and respective coefficients), the results of the
higher-scale processing may include patterns of changes or
trends in the waveforms’ patterns and typical features. The
compression and analysis are performed on the time series of
waveforms’ patterns and their typical features (e.g., time
series of beat-to-beat changes in heart rate, blood pressure or
glucose level) to determine higher-order patterns of changes
or trends in data, which may include subtle or complex serial
changes in the electrocardiographic ST-segment due to
ischemia or proarrhythmic lengthening of the electrocardio-
graphic QT-intervals.

In addition, the higher-resolution analysis is useful for
combining (fusing) serial data with other sources of informa-
tion. Such data fusion may include several continuous sig-
nals, for example: 1) electrocardiogram, physical activity and
body position to analyze the impact of the latter 2 factors on
the ECG; 2) blood pressure and physical activity to assess the
impact of physical activity on the dynamics of blood pressure
and to detect syncope (episodes of fainting and falling); 3)
respiration, body position and physical activity to examine
the impact of physical activity on respiration, determine the
presence of sleep apnea during nighttime. The data fusion is
analogous to multidimensional scaling or combining differ-
ent signals into a single, multidimensional space. Alterna-
tively, the data fusion can be performed to combine data from
continuous signals (e.g., blood pressure) and discrete infor-
mation (e.g. psychological or behavioral assessment) to
examine the impact of behavioral factors on blood pressure
dynamics.

Thus, the 2"? and/or higher scales of analysis are preferably
performed either on a computer network or on the Internet
cloud, using raw data and/or its key indicators (which repre-
sent the data in a compressed, conditioned and/or rectified
form) obtained from the 1% scale of analysis. These data can
be transmitted from users’ mobile phones or computers auto-
matically or entered manually; examples of data that can be
entered manually include body temperature, blood pressure
and blood glucose level. The results of the 2" level of analysis
are used in two ways: (i) compressed and conditioned (fil-
tered) waveforms, their main characteristics (basis vectors
and respective coefficients), as well as the most important
quantitative indicators of significant changes and/or abnor-
malities are transmitted (or made available for viewing) to the
healthcare providers and/or individual consumers. This tex-
tual messages, graphical and numerical feedback transmitted
back to the smart phones, personal computers or other devices
used by individual consumers and/or medical professionals;
and (i) they are transmitted back to the users’ mobile or
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6

personal-computing devices for adapting (“personalizing”)
the thresholds, time windows and other parameters used for
the 1% level of analysis on mobile devices, smart phones or
personal computers. Alternatively, this information can be
made available for viewing and/or downloading from the
cloud to a mobile phone and/or personal computers of an
individual consumer (patient) and/or healthcare provider;
however, the transmission is not performed automatically, but
initiated per user’s command.

An important feature of multi-scale analysis is an exchange
of information between the processing scales, which are pref-
erably distributed between personal/mobile devices and a
computer network such as the Internet cloud. The 1**-level
processing unit (e.g., smart phone) sends the data and the
description of the set of primary elements, comprised of
characteristic features, parameters and patterns, to the higher-
level (2"“level) processing unit (cloud). The 2"%level pro-
cessing unit (cloud) receives both the data and the descrip-
tion/characteristic features of the 1%-level processing set used
by each mobile unit. The 2"-level, advanced processing
determine characteristic (typical) features of data pattern in
more detail and with greater accuracy, including an expanded
set of analytical parameters, which represent both static and
dynamical features of the signal in compressed form, as well
as an individual’s baseline pattern of short-term and long-
term dynamics. This information or some of'its elements in a
compressed and/or rectified form (according to the descrip-
tion of the 1*-level set transmitted by the mobile device) are
then transmitted back to the mobile device for adjusting (tai-
loring, fine-tuning) the 1* level analysis. Such feedback
information may include adjusted monitoring thresholds and/
or alarms (e.g., dangerous or clinically significant levels of
blood pressure, heart rate, tachycardia, bradycardia, pauses,
atrial fibrillation, electrocardiographic ST and/or QT-inter-
val, respiration, glucose, physical activity, syncope). If nec-
essary, information from the 2"“-level analysis is also trans-
mitted to a remote user (healthcare professional) and
displayed in graphical, textual and/or numerical form on that
user’s mobile or computer device. The 2"“-level analysis
performs an efficient compression, conditioning, and filtering
of the data patterns, it minimizes the amount of information
that needs to be transmitted to the 1¥’-level unit, as well as
transmission times. In particular, the 2”“-level analysis can
transmit a minimal number of eigenvectors and coefficients of
an orthogonal linear decomposition, which provide the most
accurate and parsimonious representation of waveform pat-
terns (i.e., optimal compression). Other mathematical decom-
positions that are described in Shusterman patents and the
patent application incorporated herein by reference can be
used for this purpose as well.

The transmission and viewing is preferably performed
asynchronously, allowing some amount of data being trans-
mitted and stored in a local buffer, memory and/or other
storage media of the mobile device before the user starts
displaying and reviewing both the data stored in the buffer
and received from the cloud in real time.

Applications of the present invention include but are not
limited to the following examples: mobile, body-worn (or
attached) systems for monitoring vital signs (electrocardio-
gram, heart rate, pulse oximetry, blood pressure, respiration,
temperature, physical activity) and other physiological data,
performing tests (stress test or tilt-table test), assessment of
the psychophysiology and behavior using smart phone for
remote communication, cloud-based analysis of large
datasets (e.g., personalized genomics and/or proteomics
data), as well as other applications useful for individual con-
sumers (for personal monitoring of health and fitness) as well
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as for remote management of patients with chronic diseases
performed by healthcare providers and telemedicine. This
also includes mobile systems for transmitting medical (elec-
trocardiographic, pulse oximetry, blood pressure and/or other
vital signs) data by emergency medical services (EMS) to
healthcare professionals located at healthcare clinics, offices,
hospitals or centers.

Specific scenarios for distributing different levels of pro-
cessing between mobile devices and a computer network or
the cloud depend on the computational resources and speed of
transmission lines. Examples of such distributed processing
include:

1. The 1* processing scale performed on a personal device
(mobile device, smart phone, tablet computer, personal
computer); whereas higher-scale processing is per-
formed on the Internet cloud or network server.

2. The cloud receives data from personal devices and per-
forms both 1st and higher-scale processing. Subse-
quently, the results and/or compressed waveforms are
transmitted back to the personal device(s) to allow dis-
playing and/or continuous streaming of data on per-
sonal/mobile devices, provide feedback messages,
graphical summaries and numerical results to the indi-
vidual user and/or healthcare professionals.

3. The cloud receives data from personal devices and per-
forms both 1st and higher-scale processing. Subse-
quently, the results and/or compressed waveforms are
transmitted back to the personal/mobile device(s),
where the 1-st level processing is performed and/or
adjusted to allow displaying and/or continuous stream-
ing of data on personal devices, provide feedback mes-
sages, graphical summaries and numerical results to the
individual user and/or healthcare professionals.

4. An adaptive combination of the two approaches
described above is implemented according to the time
constraints, data availability, and other setting and/or
user-specific constraints.

5. The distribution of the 1* and higher scales of analysis is
dynamically adaptable for the availability, speed, qual-
ity and cost of the computational resources and trans-
mission lines used for communication between the lev-
els of analysis, as well as time sensitivity (urgency) of
data analysis, distance between the location of patients
and healthcare institution, patients’ medical history,
complaints, medications, changes in the patients’ health
and/or disease status, diagnosis, complications, pres-
ence and/or absence of healthcare professionals and
other factors. For example, the system can dynamically
re-allocate both the 1°* and 2" levels of processing to the
local device or local-area network when more powerful
computational resources become available. Alterna-
tively, both the 1°* and 2”“ levels of processing can be
shifted to the cloud if fast transmission lines become
available, and/or the data need to be reviewed by health-
care professionals located at a remote location. Changes
in patients condition that may require adjustments in
allocation of the 1% and/or higher processing scales
include heart failure decompensation, high glucose
level, high blood pressure, syncope, suspected myocar-
dial infarction, arrhythmia, stroke and other emergen-
cies, which may require shifting the 1°* level of process-
ing and immediate display on the attending physician’s
mobile phone. Alternatively, both patient’s and physi-
cian’s mobile devices can be synchronized to perform
the same level of processing, to allow the patient partici-
pation in healthcare management. This feature is par-
ticularly useful for managing chronic patients remotely.
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The multi-scale processing and communication can be
implemented either in Microsoft Visual Studio/.Net develop-
ment environment, Java or Linux. The scale-1 processing
module can be installed on a mobile device/smart phone,
whereas higher scale processing can be implemented on the
cloud with asynchronous communication between them via
cell-phone line, Wi-Fi, wide-area network, DSL, cable (e.g.,
T1 cable) or other wireless communication links. In particu-
lar, the 1¥*-scale processing and display can be implemented
using JAVA, JAVA script or Microsoft .net environment on a
mobile phone. The higher-scale processing and serial analy-
sis can be implemented in JAVA or Microsoft .net environ-
ment on the cloud. A user of a mobile device can have a
limited-functionality program written, for example, in JAVA
script and containing the scale-1 processing and display of
compressed waveforms (electrocardiogram, blood pressure,
respiration and other vital signs) and parameters (heart rate,
glucose, respiration rate). This limited-functionality program
will receive pre-processed (conditioned or compressed)
waveforms and parameters from the higher-level processing
module on the server implemented, for example, in JAVA or
C#/C++(.net software development environment).

This invention also applies to and extends implementations
of data buffering for continuous data streaming, processing
and display. Real-time, circular buffering is a commonly used
feature in many applications featuring continuous data acqui-
sition, processing and display to avoid time delays. However,
this patent application provides the know-how for efficient
data compression and adaptive exchange between two buft-
ered data streams, on a mobile device and on a cloud. The
software on a cloud performs higher-scale processing and
adaptive compression of data according to the computational
resources on the mobile device and/or smart phone with
scale-1 processing. The data buffering on a mobile device
(smart phone) is constrained by its limited computational
resources (memory and processor speed) and limited speed of
wireless data speed/transfer rate. The Scale-2 processing per-
formed on a cloud provides accurate and efficient means for
data compression, rectification and filtering using adaptive
processing and accurate identification of an individual’s ref-
erence (baseline). Specific mathematical methods used for
these purposes include but are not limited to orthogonal
decompositions, methods of statistical analysis, signal pro-
cessing, pattern recognition, time-series analysis and artifi-
cial intelligence, which are applied for compressing, condi-
tioning and filtering serial health data, including
physiological signals. The scale-2 processed and compressed
data is sent from the cloud to the scale-1 buffer on a mobile
device to allow faster and more efficient buffering, data
streaming and display on the screen of a mobile device (smart
phone). This patent application extends previously used
methods for implementing efficient buffering by providing an
adaptive, network distributed buffer (or a set of network-
distributed buffers), in which the cloud pre-conditions (com-
presses/filters) the signals and sends them to the smart phone
for real-time buffering and display. In addition, the cloud also
may transmit to the smart phone’s buffer (utilizing Scale-1
analysis) a set of primary elements derived from the statistics
of'the signals for displaying them on the phone’s screen. The
size of the data buffer can be adjusted according to the user’s
preferences or automatically adapted to the user’s speed of
data viewing or to the type of data and/or its processing and
analysis.

This invention can be used for remote patient management
as well as for general consumers’ health and fitness applica-
tions. This invention can also be used for emergency medi-
cine, to provide fast and efficient data transmission from the
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point-of-care or patient’s home to physicians in the hospital
and allowing physicians to display and process and analyze
the data on their smart phones, other mobile devices, tablet
computers, and personal computers. This invention also
allows physicians and other medical personnel to download,
display and quickly review data on their mobile devices at
anytime, anywhere; while the data is being collected and
transmitted in real time from patients at hospitals, point-of-
care, on the road or at home.

Shusterman U.S. Pat. Nos. 7,801,591, 7,485,095, 7,343,
197, 6,925,324, and 6,389,308 and pending patent applica-
tion Ser. No. 12/885,520, filed Sep. 19, 2010 have shown that
multi-scale, personalized (individually “tailored”) analysis
provides superior accuracy compared to population-derived
estimates. The disclosures contained in those Shusterman
patents and application are, by reference, incorporated herein
in their entireties.

Among traditional statistical methods that are commonly
used for the analysis of serial changes are paired tests and
repeated-measures Analysis of Variance (ANOVA). Neither
method, however, can account for complex individual pat-
terns of serial dynamics. Analysis of such complex serial
changes requires specialized statistical time-series or signal
processing methods, which have been disclosed by Shuster-
man in U.S. Pat. Nos. 7,801,591, 7,485,095, 7,343,197,
6,925,324, and 6,389,308 and application Ser. No. 12/885,
520. These methods may include mathematical decomposi-
tion, time-series analysis, mathematical modeling, computer
modeling, signal processing, statistical analysis, and methods
of artificial intelligence. Some examples of specific methods
include hidden Markov models, orthogonal decomposition,
non-orthogonal decomposition (independent component
analysis), multidimensional scaling based on non-metric dis-
tances and mapping techniques, non-orthogonal linear map-
pings, nonlinear mappings and other methods, that make use
of projection, re-scaling (change of variables), methods from
the theories of singularities, bifurcations, catastrophes, and
dynamical systems, and other statistical estimators, linear and
nonlinear correlation, analysis of variance, cluster analysis,
factor analysis, canonical analysis, regression and discrimi-
nant function analyses, and probabilistic methods, Bayesian
probability and Mahalanobis distance, pattern recognition,
fuzzy logic, neural networks, expert systems, and hybrid arti-
ficial intelligence systems.

This invention provides a method and system that can be
used for at least one of information management, decision
support, and diagnosis. The method and system distribute
(structure) the information into at least two levels of detail
(scales or resolutions). A low-resolution scale represents a
snapshot measurement of at least one indicator (vital sign or
primary element) such as heart rate or blood pressure. A
higher resolution scale is designed to determine serial
changes in each of the said primary elements. Low, interme-
diate and high-resolution scales can exchange information
between each other for improving the analyses; the scales can
be distributed vertically among the units connected by a net-
work and defined according to the corresponding software
and hardware resources. Uncertainty or probability of a diag-
nosis is tracked dynamically (the probabilities are updated
periodically or quasi-periodically over time taking into
account information available at each time point; new infor-
mation is included in the analysis as it becomes available)
based on the information availability or completeness relative
to the total complete information at each level and at multiple
levels. This structuring provides several advantages. First, it
improves and optimizes the flow of information along the
network. This feature is significant, since the volume of infor-
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mation provided by a multitude of diagnostic tests is high
(such as electrocardiographic monitoring, magnetic reso-
nance imaging (MRI), computed tomography (CT), CAT-
scans, echocardiography, biochemical, and other tests) and
increases with time. The structuring permits control of this
high volume of information, so the most important informa-
tion (vital signs) is analyzed on-line and on-site (Low-reso-
Iution), whereas the rest of the information, which includes
subtle changes in patient’s state, are detected and quantified
using comparative analysis of serial data (Higher level of
resolution). Such distribution of the enormous amount of
medical information prevents information overload and
ensures that the information is processed accurately and in a
timely fashion, and allow medical professionals to receive
adequate and accurate information about the patient tailored
to the specific setting of the medical care and patient’s profile.

Second, this multi-level structure also ensures adaptability
of'the system, in which the system processes all available data
to learn the individual patient’s pattern of normal range and
abnormal variations. The adaptability is achieved by collect-
ing and processing serial data at the higher scales and then,
using this information at the lower scale to individually tailor
(edit, adjust) the diagnostic and processing criteria (thresh-
olds). Third, for reasons described above, this multi-level
structure also optimizes bi-directional communication and
personalized and timely advice and treatment of each patient.

Thus, by vertically distributing the analyses and represen-
tation in several levels, the system optimizes information
flow, usage of medical knowledge, and improves accuracy of
analysis of serial changes, and adaptability to each individu-
al’s data. Low, intermediate and high-resolution scales can
exchange information between each other for improving the
analyses; the scales can be distributed among the units con-
nected by a network and defined according to the correspond-
ing software and hardware resources. In addition, the system
can be adapted to optimize usage of medical knowledge con-
tained in medical journals, books, the Internet, and other
materials for personalized analysis of serial data. The system
optimizes and improves the information flow by vertically
distributing it into several levels or Scales according to the
importance and relevance of the information, and according
to the available software and hardware resources. The low-
resolution Scale I represents one-time, periodic, or quasi-
periodic snapshot measurements of health data, such as heart
rate, blood pressure, blood count, cardiac output, physical
activity, temperature, and weight, referred to as the primary
elements. The higher-resolution Scale II is used to analyze
serial changes in each of these primary elements. Optionally,
the 3’7 scale can be used to analyze combined serial changes
of these primary elements. By using this personalized analy-
sis, the system improves accuracy and clarity of analysis and
representation of personalized serial analysis. These scales
can also include medical knowledge from medical textbooks,
journals, and other materials available on the computer net-
work to improve personalized analysis.

Examples of such a multi-scale structure for analysis, rep-
resentation, distribution and management of health data is
presented in FIG. 1. As depicted in the figure, in the first
(bottom) scale, data is collected from at least one, and pref-
erably, a multitude of diagnostic devices, such as electrocar-
diographic, electroencephalographic, echocardiographic,
magnetocardiographic, magnetic resonance imaging, com-
puter tomography, thermometer, blood pressure tonometer,
pulse oxymeter, impedance meter, genetic/DNA/genotype/
proteomics/metabolomics measurements, MR, CT, ultra-
sound, fluoroscopic, X-ray image, stress-test, physical activ-
ity test, neurographic recordings, biochemical tests, blood
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tests, enzyme tests, clinical symptoms, such as chest pain,
shortness of breath, nausea, etc. These data can be collected as
aone-time test, periodic, quasi-periodic, or continuous moni-
toring (measurements). At the low-resolution level (scale) 1,
these data are processed to extract the most important indi-
cators (vital signs, diagnostic indicators) or primary ele-
ments, such as heart rate, blood pressure, magnitudes and
durations of electrocardiographic waves (QRS, T, and
P-waves, and ST-segment, T-wave alternans), cardiac output,
respiration, temperature, neural activity, etc.

At the next level (scale) 11, dynamics of each primary
element (vital sign or diagnostic indicator) is analyzed using
serial recordings obtained from the individual. The dynami-
cal (serial) analysis is performed using the mathematical,
modeling, probabilistic, pattern-recognition, time-series, sig-
nal-processing, statistical, computer, and artificial intelli-
gence methods described below. In the simplest-case sce-
nario, serial changes are analyzed using simple statistical
parameters, such as the mean or median value, or the standard
deviation (a square root of variance), or a range of variations
(for example, 25%-75% range) of the time series of serial
changes over a certain time interval. The serial changes in any
of these statistical parameters or in the combination of these
parameters can be estimated, for example, using a statistical
test that determines the statistical significance of serial
changes over time (for example, a non-parametric, Friedman
ANOVA for repeated measurements or a paired t-test, or an
ANOVA forrepeated measurements), or using pre-selected or
adaptive thresholds (for example, a threshold of 3 standard
deviations can be used to detect significant changes in the
mean values). As a result of this dynamic analysis, trends of
changes are represented either as quantitative data, qualitative
information, an advice, or graphs of trends in genetic,
genomic, proteomic, electrocardiographic, echocardio-
graphic, neurographic (neural), electroencephalographic,
magnetocardiographic, magnetoencephalographic, magnetic
resonance (MRI), computer tomography (CT) and X-ray
imaging. The results of analysis can be also color-coded, for
example, if an indicator is within a normal range or within a
certain percent of a moving average of previous values, it will
be highlighted with a green color. A borderline parameter can
be highlighted by yellow color, and a parameter beyond 3
standard deviations from normal range can be highlighted by
red color.

The results of dynamic analysis performed at Scale (level)
1T are sent to the next, third level of processing. They are also
sent to the Level I to personalize (adjust, adapt, individually
tailor) the diagnostic thresholds. For example, the threshold
for detection of tachycardia can be lowered if the subject’s
individual heart rate during the last several days was slow. Or
the threshold for detection of QT-prolongation could be low-
ered ifthe subject is taking antriarrhythmic drugs that prolong
QT interval.

When the information is transferred to the Level III,
dynamics of each vital sign (primary element, diagnostic
indicator) is integrated to generate a combined personalized
dynamics that includes changes (trends) of various diagnostic
indicators. Combining the information or using parameter
fusion (when several parameters are combined into a single,
composite parameter) improves the diagnostic value of the
information, since a combination of parameters can help to
achieve a more accurate diagnosis. For example, combination
of trends of heart rate and T-wave alternans can be used to
determine at which level of heart rate T-wave alternans
increase and at which level of heart rate T-wave alternans
disappears. Another example is a combined analysis of
changes in heart rate and QT-intervals, which allows deter-
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mining a personalized relationship between these two values.
This combined information can be useful for determining an
optimal treatment strategy, for example, whether or not the
level of T-wave alternans at a given heart rate is abnormal and
should be controlled, for example, by implanting an implant-
able cardioverter-defibrillator (ICD). The results obtained
using this combined analysis at Level III are sent to the higher
scale and to the lower scales 11 and I for individual tailoring
(personalized adaptation or adjustment) of diagnostic criteria
(thresholds).

At Level 1V, the results of information processing per-
formed at lower levels I-III are compared with medical
knowledge available in medical textbooks, scientific journals,
databases, Internet, networks, and libraries, including statis-
tical data, guidelines, and case studies to determine possible
diagnoses. The comparison with medical knowledge can be
performed using statistical analysis, pattern recognition, arti-
ficial intelligence, neural networks, expert systems, math-
ematical decomposition, mathematical transformation, or
mathematical modeling or computer modeling. As a result of
this comparison, a list of possible causes of patient’s symp-
toms is determined along with the probability of each diag-
nosis. This information is sent to the next, Level V, which
determines the most probable diagnosis.

Note that the multi-scale (multi-layer) structure can be
compressed into fewer (even 2) scales (that can be imple-
mented in the a single microprocessor, computer, cell phone,
PDA, smart phone, microcontroller) or expanded into more
scales (which can be also distributed among several different
parallel or hierarchical databases connected via network or
Internet), depending on the specifics of a clinical setup, avail-
able hardware and software resources, and depending on the
specifics of an individual patient health status and personal
profile, including age, diagnosis, disease stage, etc. It is also
possible to use any number or combination of the above-
described (or similar) levels (layers, scales). For example, a
specific diagnostic structure can be used for subjects with
chronic congestive heart failure with a typical profile of a low
ejection fraction, a low tolerance to physical activity, rela-
tively high resting heart rate and low heart rate variability.
Among the parameters that could be modified for such
patients is a narrow range of normal heart rate variations. At
each scale, the analysis can use at least one of statistical
methods, probabilistic methods, Bayesian models/networks,
Markov models or hidden Markov models, pattern recogni-
tion, artificial intelligence, neural networks, expert systems,
mathematical decomposition, mathematical transformation,
or mathematical modeling or computer modeling.

FIG. 2 shows another variant of multi-scale structure, in
which the 1st level, low-resolution analysis is implemented
together with each diagnostic sensor, so that collecting health
data and processing these data in a low-resolution, 1% level
analysis is done at the same place, in a real-time. The col-
lected heath data and/or the results of 1°*-level processing are
then sent to the 2" level processing, possibly, via Bluetooth,
other radio-transmitters, cell phone, Wi-Fi or other networks.
The 2"“1evel processing, as explained earlier, includes analy-
sis of serial changes, using the information obtained previ-
ously from the same subject, and sends the results of analysis
back to the 1° level to optimize diagnostic and monitoring
thresholds.

FIG. 3 shows yet another version of a multiscale structure,
in which Scale 2 analysis is also distributed among different
locations. The 2 scale analysis can be implemented on-site
within the same diagnostic unit that collects health data and
performs 1 scale analysis. Alternatively, the 2" scale analy-
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sis can be implemented at a different physical location, or
distributed among several different locations, as FIG. 3
shows.

Note also that the multi-scale structure can be further
expanded in horizontal direction, to include different mod-
ules of support for different groups of diseases (for example,
modules for cardiovascular, neurological, gastroenterologi-
cal, infectious disease), different patient populations (heart
failure, renal failure, chronic obstructive lung disease, eld-
erly, etc.), different groups of medications (anti-arrhythmic,
beta-blockers, etc), different device treatments (implantable
cardiac devices, hemodialysis, etc.), different medical set-
tings (ambulatory, in-hospital, out-of-hospital, military, mass
emergency situations, terrorist threats, weapons of mass
destruction alerts).

The multi-scale structure can be implemented in various
combinations of computing devices, such as cell phones,
specialized processors, personal digital assistant (PDA),
smart phone, personal computer, a computer network or spe-
cialized networks. It is possible, for example, to implement
the first 2 or 3 scales in a miniaturized, personal system (for
example, implemented in a cell phone or a personalized
monitoring system) that a person carries around, whereas the
higher levels are implemented in a computing device that is
located remotely and communicates with the lower levels by
using wireless communication (cell phone, GPS, GPRS,
Internet, Wi-Fi, etc.). Other combinations of scales imple-
mented locally or at remote locations are also possible. Pref-
erably, the higher-level analysis is performed on a powerful
computer device, such as a computer server, which has a
database of serial data from each subject for comparative
analysis, and also a database of medical knowledge of char-
acteristics of different diseases. Another example of imple-
mentation of a multi-level structure is a home system, which
includes sensors (can be embedded in home appliances, such
as bed, chairs); lower and higher-level processing units
implemented in a home computer (which can also communi-
cate information to and from an individual viaa TV or radio
or cell phone) and a higher-level processing (connected via
Internet or specialized network) implemented in a medical
center. Yet, another example of implementation of a multi-
level structure is a car-based system, which includes sensors
for physiological monitoring or periodic checkups, (i.e. sen-
sors for monitoring heart rhythm could be incorporated in the
armchair; other sensors might be activated and attached to the
human body whenever necessary). The sensors are connected
with the car’s computer (the connection could be wireless, via
Bluetooth or Zigbee), so that the computer can perform the 1%
scale processing or both, the 1% and 2"“ scale processing.
Alternatively, the sensors can communicate directly with a
cell phone, which performs the 1% or 1* and 2" scale pro-
cessing. The cell phone (or the car computer) can be con-
nected wirelessly (via a cell phone, GPS, or Internet) with a
remote computer (which contains a database of this person’s
serial recordings) for a higher-level processing. Each of these
processing levels has a bi-directional communication with
other levels for exchanging information, individual tailoring
of' monitored parameters, providing advice or warnings to the
individual in the car or sending an alarm/notification to the
individual’s physician or nurse via a cell phone or remote
computer.

The above-described structure can be used for forecasting
(prediction) of the trends in patient’s status, including fore-
casting high-risk periods for developing myocardial ischemia
or cardiac arrhythmias by analyzing changes in the pattern of
physiological indicators and determining periods when these
patterns become unusual (for example, exceeding 3 standard
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deviations of normal range) or abnormal and, therefore, indi-
cating high-risk of a complication, such as myocardial inf-
arction, arrhythmia, or stroke. The prediction can be per-
formed using at least one of statistical methods, probabilistic
methods, Markov models, hidden Markov models, Bayesian
network, pattern recognition, artificial intelligence, neural
networks, expert systems, mathematical decomposition,
mathematical transformation, or mathematical modeling or
computer modeling.

The above-described system can be also used to provide an
advice or a recommendation regarding changes in diet, stress
management, physical activity, treatment (for example,
administering a drug or implanting an implantable cardio-
verter-defibrillator or pacemaker device), or a necessity of
diagnostic test. The system can also be used for bi-directional
communication between individual subjects (patients), medi-
cal centers, and medical professionals (physicians, nurses,
and technicians). The above-described system can be also
integrated into other information management systems, for
example, standard data management systems (such as hospi-
tal information management systems). The system can rep-
resent the results using at least one of quantitative presenta-
tion for medical professionals and qualitative presentation for
a lay person who has no medical background. Structuring of
the analysis is achieved by constructing the at least two, and
preferably three, information scales that represent the most
significant parameters at different level of detail.

In the practice of this invention, health data is preferably
monitored on a substantially continuous, periodic, or quasi-
periodic basis, meaning that data are taken or read and
recorded periodically such as every few seconds, minutes,
hours, days or longer. The periodic recording of data may
extend for short periods such as a few minutes or days, or may
extend for prolonged periods of time such as weeks, months
or longer. The data is generally recorded seriatim or one after
another. The data that is recorded may be varied from time-
to-time depending on the analysis of data that is collected so
as to collect data that may be more relevant to changes in a
subject’s primary elements. Data is recorded for doing low
resolution analysis as well higher scale analyses. As used
herein “health data” is used generically to mean all forms of
data relating to health, including physiological data that
include but are not limited to blood pressure, cardiac output,
vascular activity, temperature, respiration, cardiac, abdomi-
nal, or breathing sounds, blood flow, hormonal concentration,
enzyme and protein levels, genetic, proteomic, metabolomic,
and molecular data, neural activity, electroencephalographic
activity, and other electrical, mechanic, sonic, biochemical,
and biophysical processes in the human body, other informa-
tion related to human life, including demographic (age, gen-
der), environmental (pollution, job conditions), and psycho-
logical data, life styles, exercise activities, etc.

In addition, this invention provides an easy-to-use system
for structured and complete analysis and representation of
data and its serial changes quantitatively for medical profes-
sionals. Structuring of the analysis is achieved by construct-
ing the at least two, and preferably three, information scales
that represent the most significant parameters at different
level of detail. The multi-scale analysis and representation
can be applied to all types of health data defined above. The
values of the data obtained from individual patients can be
compared with the average values obtained in a group or a
population of patients to facilitate analysis of individual data
and to determine the values that characterize groups of
patients with similar characteristics and/or similar disorders.

A preferred embodiment of this invention further includes
implementation of the multi-scale analysis. Specifically, this
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invention provides for the implementation of the multi-scale
analysis on a distributed network of personal devices (which
may include devices for registration and processing of elec-
trocardiogram, electroencephalogram, blood pressure, car-
diac output, temperature, respiration, vascular tone, blood
glucose, and other biochemical, biophysical, biomechanical,
hormonal, molecular, and genetic data) and centralized com-
puters with a bi-directional communication between them.
This distributed network allows: 1) uninterrupted data acqui-
sition (continuous or discrete) anytime, anywhere, 2) fast
transmission of the acquired information to the other com-
puters on the network for processing and comparison with
previously acquired serial data (including individual baseline
data), 3) fast and accurate processing, analysis, and accurate
detection of serial changes, 4) transmitting the results back to
personal devices (held by the individuals and medical person-
nel) to inform them and adjust the monitoring thresholds.

On the network, the data and its processing may be distrib-
uted horizontally among the devices and computers accord-
ing to the computational resources, time period of data acqui-
sition, type(s) of a medical test(s), geographical location,
professional and living environment. For example, one dis-
tributed personal network of devices and computers could be
setup at home, a second network could be setup at a work
place, a third network could be setup in a hospital, and a
fourth one could be setup in a transportation system (such as
atrain or an airplane), so that all four networks are connected
to each other and can exchange the information instantly. The
personal devices may include devices for acquisition and
analysis of electrocardiogram, electroencephalogram, elec-
tromyogram, blood pressure, impedance, vascular resistance,
cardiac output, biochemical, genetic, proteomic, molecular,
and other types of health and environmental data.

The advantages of the distributed processing include: 1) a
higher computational power and speed of distributed parallel
processing, which allow efficient implementation of such
computationally expensive methods of artificial intelligence
as neural networks, expert systems, and hybrid artificial intel-
ligence systems, and other mathematical and statistical tools,
and 2) fast exchange of information among the devices on the
network as well as between different networks.

Low, intermediate and high-resolution scales are defined
according to the corresponding software and hardware
resources. A low-resolution (Scale I) represents a small num-
ber of the most important primary elements such as intervals
between the heart beats, duration of PQ, QRS, and QT-inter-
vals, amplitudes of P-, Q-, R-, S-, and T-waves. This real-time
analysis is implemented in a portable device that requires
minimum computational resources. The set of primary ele-
ments and their search criteria are adjusted for each physi-
ological signal utilizing computational resources of interme-
diate or high-resolution levels. At the intermediate-resolution
(Scale 1II), serial changes in each of the said elements are
determined using a mathematical decomposition into series
of'orthogonal basis functions and their coefficients. This scale
is implemented using a specialized processor or a computer
organizer. At the high-resolution (Scale III), serial changes in
all elements of the ECG and their combinations are extracted
using orthogonal mathematical decomposition to provide
complete information about the dynamics of the signal. This
scale is implemented using a powerful processor, a network
of computers or the Internet. Scale I may be implemented in
a portable, pocket-size device, in which the signal is decom-
posed into a plurality of primary elements and parameters
such as intervals between the heart beats, type of a cardiac
complex, amplitudes and duration of P-, QRS, T-, and
U-wave, QT-interval, amplitude of ST-segment. Scale [ of the
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system provides the means for real-time electrocardiographic
analysis by comparing the primary elements of ECG with
reference values (individual thresholds) using the minimum
computational resources. The reference values are pro-
grammed into the device based on normal values for the
primary elements for the patient. Scale I includes means for
adjustment of individual thresholds and criteria for rejection
of' noisy data. A detector of noise and error rejects the noisy
data if the primary elements exceed physiologic range. Alter-
natively, modification of the primary elements and adjust-
ment of their search criteria can be performed automatically
at the higher-resolution Scale II or Scale III. In this case, the
Scale I analysis is implemented using a programmable micro-
processor that can be reprogrammed at the higher-resolution
scales to account for the individual characteristics of the
physiological pattern and monitoring goals. Specific sets of
primary elements can be used for patients with different car-
diovascular abnormalities.

Scale I can be used in two modes: static mode and dynamic
mode. The static mode is used for one-time ECG examination
in which the newly acquired primary elements are compared
with the default reference values. The dynamic mode is used
for comparison of the newly acquired primary elements and
waveforms with the primary elements and waveforms that
were previously acquired from the same person. The shapes
of QRS, T, and P-waves are compared using cross-correlation
function. A small magnitude of the difference between the
two measurements permits classifying them as substantially
similar and keeping only one measurement in the memory.

Scale I provides sufficient information for standard, one-
time, clinical ECG examination. The most significant pri-
mary elements may be represented as a color, symbol, or
other easy-to-read encoding of indicators that make the
results useful and understandable for a lay person and a medi-
cal professional. Each signal-indicator corresponds to a
single primary element. In the static mode, the values of the
indicators are preferably color-coded for a lay person into
normal, moderately or severely abnormal. This representa-
tion constitutes a static screen. Alternatively, the indicators
may be symbol-coded, N for normal and A for abnormal
reading; or they may vibrate or produce a sound output for
people with vision or hearing impairments. For a medical
professional, the indicators provide exact, quantitative values
of'the primary elements. In the dynamic mode, the indicators
are preferably symbol (or color)-coded into C for changed or
U for unchanged. This representation constitutes a dynamic
screen.

Intermediate-resolution Scale II allows viewing the ECG
with automatically determined primary elements on a display
and interactive editing of the set of primary elements and their
search criteria. The editing can be performed by a user or a
medical professional to modify the set of characteristic points
or to adjust their search criteria, and can be performed either
manually or automatically by the software. The individually
adjusted search criteria can then be used to re-program the
Scale I analysis as described earlier.

Scale II allows accurate comparison of serial ECGs and
detection of small serial changes that may be unexposed by
visual inspection of the signals. This scale requires higher
computational resources than Scale I and can be implemented
in a specialized processor, computer organizer or a personal
computer. These computational resources also allow manual
entering text information about the patient into the database
and specific instructions regarding adjustment of time win-
dows, threshold values, and other variables. To perform the
Scale 11 analysis, the primary elements from serial ECGs are
stored into a database to construct the time series for each
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primary element. The series is decomposed into a few most
significant basis functions and coefficients using Principal
Component Analysis (PCA) or any other orthogonal set of
basis functions. The newly acquired values of the primary
elements are compared with the series of the previously
obtained values. Furthermore, the changes in the series of
PCA coefficients are analyzed to detect small cumulative
changes in the dynamics of the series that indicate instability
in the cardiac electrical activity.

High-resolution Scale I1I is used to analyze individual and
combined changes in the primary elements; at this scale, the
number of the primary variables is increased to include the
entire waveform of the cardiac complexes. This allows the
most sensitive and accurate detection of the small changes in
the individual electrocardiographic pattern. The same PCA
approach is used at this scale to expose small serial changes in
the ECG recordings. Scale I1I requires higher computational
resources compared to Scale I and Scale I1; it may be imple-
mented in a powerful processing unit such as a personal or
specialized computer or a distributed network of computers
or the Internet.

This invention can be used for one-time examinations by
patients, medical professionals, paramedics and lay public,
and for dynamic assessment of changes in cardiac electrical
activity. The information can be transmitted to an external
computer system or a network of computers. For a lay person,
the system may also include a database explaining signifi-
cance of the changes in each primary element and providing
simple recommendations about the measures that has to be
taken if the readings of the indicators become abnormal.
These may include complete cessation of physical activity,
contacting a medical professional, taking a medication, etc.
More detailed recommendations might be provided for
patients who have specific abnormalities or medications.
These patients might require special monitoring or individual
adjustment of their primary elements. For example, specific
monitoring the duration of QT-interval is important in
patients taking antiarrthythmic drugs that prolong QT-inter-
val.

The system can be used as:

Hospital or medical center information management;

Information management for ambulatory patients;

Information management for community health program;

Information management for corporate health program;

Self-awareness and health advice system;

Information management for patients with implantable
devices;

Medical decision support system for medical professionals
implemented on a personal computer, a cell phone, a
smart phone, or a personal digital assistant (PDA);

Information management or decision support system that
includes personalized analysis of serial data and medical
knowledge contained in medical literature and on the
Internet;

Personalized advice system implemented on a personal
computer, a cell phone, a smart phone, or a personal
digital assistant (PDA);

First-aid health-data analyzer for emergency units, para-
medics, and medical personnel;

Health data analyzer for a routine medical examination;

A personal one-time or serial data analyzer with storage of
individual historic data, adaptive adjustment of indi-
vidual thresholds and assessment of changes in indi-
vidual heath pattern;

A one-time or serial health-data analyzer for a group of
people, a family or a patient group, with storage of
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individual historic data for each person, adjustment of
individual thresholds and assessment of changes in indi-
vidual health patterns;

Event-monitoring device
events;

Bedside monitoring;

Bedside or ambulatory monitoring providing intelligent
alarms to medical professionals when appropriate;

At least one of arrhythmia, stress-test, ischemia, ST-seg-
ment, and T-wave alternans monitoring;

Pacemaker and other implantable device checking, bi-di-
rectional or uni-directional communication, program-
ming, and control;

Evaluation of the treatment efficacy, side effects and pro-
gression of the disease.

Accordingly, an object of this invention is to provide a
system for analyzing ECG signals at least at two levels of
detail or resolution. Both levels of resolution are presented in
simple representation that can be understood by lay persons,
as well as medical professionals.

A further object of this invention is to provide an ECG
analyzing system that includes a monitoring device for
receiving and analyzing ECG signals and which includes
means for communicating with an external computer to
which the ECG signals can be forwarded for more complex
analysis. The monitoring device can be reprogrammed by the
external computer to select the primary elements of the ECG
signals that are unstable or abnormal. The low level analysis
performed by the monitoring device is thus focused on the
critical primary elements for that patient.

The system of the present invention can be used for man-
agement and analysis of electronic health (medical) records
and information, analysis and management of biometric data,
or information management of other types of healthcare data.

The system of the present invention provides instant access
to information from a variety of distributed sources to reduce
costs, improve quality of patient care and optimize decision
making. For example, the system can be used to provide a
real-time view of in-hospital patient distribution and opera-
tions structure in different departments and at different stages
of the treatment process, from admission to discharge, or in
the Emergency Room. The system can capture and integrate
monitoring of vital signs, biometrical data, capture and inte-
grate text, images, technical information related to device
functioning and instrumentation status. The system can also
provide an intelligent, tailored representation for different
types of users and different points of care. For example, it can
improve information sharing among the healthcare providers,
including physicians, nurses, technicians, clerks, and others.
The system of the present invention can also facilitate analy-
sis, management, and optimization of information processing
from the traditional departmental systems—e.g., legacy sys-
tems (Nursing, Pharmacy, LIS, RIS, PAS, by creating inte-
grated database, applying intelligent analysis and optimizing
diagnosis and treatment, including diagnostic and treatment
plans and providing intelligent alarms and alerts to support
and optimize clinical decision making.

The system of the present invention can collect real-time
physiological and health data from a variety of sensors
including vital sign monitors, ventilators, infusion pumps. It
can also support a wide range of physiologic sensors from a
variety of manufacturers. The system can also automatically
re-configure itself to accept and recognize new data from
physiological sensors whenever a new sensor is plugged into
the system. [tis also possible to enter new data into the system
using an integrated barcode scanning or RFID tag or MEMS
tag or other types of automatic entry of information at the

including patient-detected
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bedside in real time. The system of the present invention can
also adapt, compare and merge new information with the data
that already exist in the system. Because the information flow
between different levels/units of the system is bi-directional,
the system supports and optimizes seamless exchange of data
coming from different diagnostic and treatment modalities,
such as patient information from hospital data repositories
(e.g., Laboratory, Medication, Admission/Discharge/Trans-
fer and others) and intelligently alert the clinician to potential
problems.

The system can also have multiple displays, terminals,
including wireless connections with personal handheld
devices (PDA, Smart Phones, Cell phones, computers, and
computer tablets). Using these displays, users can simulta-
neously receive different modes of information, such as
physiological signal information (vital signs, ECG, blood
pressure, cardiac output), real-time intelligent alerts, pre-
scription dispensing, drug interaction, dynamical report, indi-
vidual patient dynamics, and serial comparison of individual
patient’s data, etc.

For example, an acute ischemic syndrome (AIS) can be
confirmed by measurements of the level of cardiac enzymes
(troponins). Since the level of enzymes can be estimated only
in a hospital, this information is usually unavailable when the
subject is admitted to the emergency room. In the absence of
this information, medical decision is made on the analysis of
clinical and electrocardiographic signs of ischemia. Yet, this
information is incomplete. Thus, the information complete-
ness is estimated relative to the total, theoretically possible,
information about a disease state (which is equal to 1), so that
the sum of information content (probability estimates, or
uncertainty) of all diagnostic tests is equal to 1. The informa-
tion contained in each test is equal to a number between 0 and
1. At each scale the information completeness (probability of
each disease state) can be estimated relative to the complete
information (reference) for this disease state. Similarly, the
information completeness is also estimated for all scales,
relative to the complete, theoretically possible information in
all scales.

The probability or information completeness can be repre-
sented by the probability transition matrix of a Markov chain,
Bayesian probability, probabilistic neural network, or some
other non-probabilistic matrices and methods. Traditionally,
the term “multiscale analysis” or “multi-resolution analysis”
refers to either (1) a spatial multiscale analysis (distributing
analysis of complex structures or processes that span different
spatial scales, for example, molecular-cellular-organ-body
scales of biological processes into several spatial scales), or
(2) a temporal multiscale analysis (distributing analysis of
complex, dynamic processes that involve several different
time-scales). The term multiscale analysis used herein refers
to the temporal multiscale analysis adapted to serial (longi-
tudinal) data or a combination of temporal and structural
multiscale analysis adapted to serial (longitudinal) data (be-
cause serial images, image information, and other data span-
ning different spatial scales can be also included in the analy-
sis). Note that the traditional temporal multiscale analysis
refers to an application of a mathematical formula or function
(for example, a wavelet function or a nonlinear function, such
as entropy), to different time-scales by varying a time-win-
dow parameter (i.e., using a mathematical translation or dila-
tion of a function). A detailed description of a multiscale
wavelet analysis can be found in The Statistician (2000) 49,
Part 1, pp. 1-29 (Abramovich F, Bailey T C, Sapatinas T.
Wavelet analysis and its statistical applications.). 5 A descrip-
tion of a multiscale entropy analysis can be found in Physical
Review E 71, 2005, pp. 0219061-02190618(Costa, M, Gold-
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berger A L, Peng, C.-K. Multiscale entropy analysis of bio-
logical signals). In this approach, the fundamental math-
ematical function remains unchanged at all time scales, but
the scaling parameters change. Our multiscale approach, pre-
sented herein and in my previous US10 Patents. No. 6,925,
324, and 6,389,308), incorporated herein by reference, is
different from the traditional methods for multiscale analysis
described above (in some respects, it can be viewed as a
non-trivial generalization of the traditional multiscale and
multi-resolution approaches). It allows 1) usage of different
mathematical, pattern-recognition, statistical, probabilistic,
artificial intelligence functions/models/estimates/approxi-
mations at different time scales, 2) usage of a single time-
point (snapshot) compared against reference values at the 1st
scale of analysis (this snapshot analysis can be performed
one-time, periodically, quasi-periodically, or continuously)
and multiple time-points (serial data) at the higher-scales of
analysis, 3) usage of composite functions and estimates
obtained by combining different parameters and time-scales
at higher level analytical scales, 4) bi-directional exchange of
information between different scales to improve the analysis.
Using recently introduced terminology, our multiscale analy-
sis approach can also be viewed as a non-trivial extension,
improvement, and generalization of a recursive projection
method (Shroff G M, Keller H B. (1993) SIAM J. Numer.
Anal. 30, 1099-1120) that can be also adapted for “equation-
free modeling” (Theodoropoulos C, Qian Y-H, Kevrekidis |
G. PNAS (2000) 97, 9840-9843) of multiscale, complex pro-
cesses.

FIG. 4-7 show various implementations of the multi-scale,
network-distributed processing and display of physiological
information on mobile devices.

Magnetic-Resonance Imaging Applications

Magnetic-resonance (MR) imaging allows clinicians to
obtain information about internal organs without using ion-
izing radiation. However, it also creates electromagnetic
interference due to the presence of strong and variable elec-
tromagnetic fields (e.g., magnetic-field gradients and radio-
frequency (RF) pulses), which generate interference with
physiological measurement equipment, such as an electrocar-
diogram. The electromagnetic interference (EMI) compli-
cates the task of collecting high-quality physiological data
(e.g., diagnostic ECG, pulse oximetry, and blood pressure
waveforms) and requires filtering of MR-generated noise.

This invention extends the principle of common mode
rejection, which is known in signal processing, for the MRI-
specific environment and adaptive, multi-scale, distributed
processing. This principle is used for rejecting the compo-
nents of input signals that are common to two input leads
(sensors) by subtracting the two signals. It is widely used in
differential amplifiers and other devices for filtering out exter-
nal noise. One particular application of this principle is com-
monly used for filtering the power-line interference when two
signals are recorded from the same or similar locations, and
presumably, receive the same amount of power-line interfer-
ence. However, this principle has not been used for filtering
MR-related interference, specifically, for filtering the effects
of gradient magnetic fields (eddy currents) or radio-fre-
quency pulses generated in the physiological data, because of
the additional complexities and constraints imposed by the
MR -environment; specifically, the presence of several elec-
tromagnetic fields (static field, field gradients and radiofre-
quency pulses). Due to these complexities, it has been com-
monly accepted that the number of leads needs to be reduced
to a minimum to minimize the interference and eddy current
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effects. For these reasons, no attempts have been made to
apply the common-mode rejection principle, which requires
additional (reference) signals. It has been also commonly
accepted that the MR-generated interference makes high-
fidelity recording of physiological signals (such as diagnos-
tic-quality electrocardiogram) not feasible. Therefore, no
attempts have been made to develop high-fidelity filtering
approaches for such data in the MR-environment.

This invention provides the method to filter MR-specific
noise without degrading the quality of physiological signals
(such as an electrocardiogram) by using some of the infor-
mation from the signals obtained at the same or similar loca-
tion (as a reference) and subtracting this reference informa-
tion from the physiological signal. Because MR-generated
interference is spatially specific (due to the presence of mag-
netic field gradients, inhomogeneity of the electromagnetic
fields and RF pulses), this method provides superior accuracy
for filtering the noise from physiological signals compared
with currently available methods.

The principle of operation of this invention is illustrated in
FIG. 8. It shows implementation of present invention for
magnetic-resonance imaging and filtering electromagnetic
interference generated by the MR-scanner from physiologi-
cal signals, such as an electrocardiogram, electroencephalo-
gram, blood pressure, transthoracic impedance, cardiac out-
put, blood pressure, temperature, respiration, and oxygen
saturation waveforms. From each location of the patient’s
body, the system collects a pair of signals; a physiological
signal (contaminated by the EMI generated by MR-scanner)
and a local reference signal, which contains only EMI gener-
ated by the MR-scanner, including gradient magnetic fields
and radio-frequency pulses. By subtracting the local refer-
ence signal from the physiological signal at each location, the
system of present invention filters the MR-generated EMI
from physiological signals.

As shown in FIG. 8, the system receives signals from
sensors (S1, S11, S2, S22, S3, S33, and so on) located at
various sites on the surface of the patient’s (subject’s) body.
At each site, a physiological-recording sensor (S1, S2, S3,
and so on) is attached to the patient’s body and records a
physiological signal, whereas a local-reference sensor (S11,
S22, S33, and so on) is not directly connected to the patient’s
body and records only electromagnetic interference gener-
ated by the MR-scanner (gradient magnetic fields and radio-
frequency pulses). There are a number of possible configura-
tions for the pair of physiological-recording sensor and local-
reference sensor. In one configuration, the local-reference
sensor is a separate sensor whose location (and cable) is
adjacent to the physiological recording sensor, as shown in
FIG. 8. For example, in case of an electrocardiographic
(ECG) or electroencephalographic (EEG) recording, the
physiological-recording sensor can be connected to the
patient’s skin using an MRI-compatible, off-the-shelf ECG or
EEG electrode, whereas the local-reference sensor is covered
by a plastic insulator, which prevents direct contact with the
patient’s skin. Alternatively, the pair of local-reference and
physiological recording sensors (and their respective cables)
can be housed together under a single insulating cover, with
the physiological-recording sensor having an open connector
(e.g., snap or pinch) for attaching the recording electrode and
the local-reference sensor being completely covered by insu-
lating plastic.

The sensors are connected to the data collection module,
which may incorporate a differentiator unit, which subtracts
local-reference signals from the physiological-recording sig-
nals (FIG. 8). The differentiator can be implemented using a
differential amplifier or a differential, conditioning and filter-
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ing circuit, which performs additional filtering and condition-
ing of the signals. The data collection module also has a
communication unit, which is preferably, wireless. It receives
commands from and transmits signals to the receiving station
via Bluetooth, Wi-Fi, Zigbee or some other wireless commu-
nication protocol.

The multi-level analysis is distributed between the data
collection module (DCM) and receiving station with bi-di-
rectional communication between them. The receiving sta-
tion sends commands that program, control and adapt the
DCM operation for specific, user-determined conditions. The
DCM receives commands and adjusts its operations accord-
ingly. The adjustments may include sampling rate, signal
resolution, communication frequency, selection of real-time
processing, compression and filtering options, as well the
utilization and size of the data buffer for sending data to the
receiving station. The receiving station adapts its data-receiv-
ing buffer for the presence (or absence) and data size in the
DCM buffer to achieve uninterrupted and substantially con-
tinuous data transmission and display on the screen of receiv-
ing station in a near real time.

The adaptive algorithm runs on a receiving station (FIG. 8),
which performs either Scale-1, Scale-2 or Scales 1 and 2
processing. It also displays filtered and/or raw data for user to
review. The data acquisition unit, which connects to the sen-
sors (S1, S11, S2, S22, S3, S33, and so on), communicates
with the receiving station wirelessly or using cable commu-
nication. The firmware in the data acquisition unit adapts the
Scale-1 processing (turns the subtraction ON or OFF) accord-
ing to the commands (adaptation parameters) received from
the data-receiving station. These adaptation parameters, in
this case, is the information sent from Scale-2 processing on
the receiving station back to the Scale-1 processing on the
data acquisition unit.

The data-receiving station can be implemented ona mobile
device or can be linked wirelessly with personal mobile
devices (smart phone) displaying the data for a user. In the
latter scenario, the data-receiving station performs Scale-2
processing, compression, filtering and/or condition of the
data and sends these compressed and/or conditioned data to
the mobile device implementing Scale-1 for user’s review.
The data-acquisition unit is located inside the MR-room,
whereas the data-receiving station can be located in the MR-
room or in the control room. The invention also provides for
higher-scale integration (fusion) of the MR-data with other
imaging modalities (e.g., X-ray), video generation (cine) and
integration with other physiological data. Specifically, the
data processing in the data-receiving station can be adapted to
incorporate higher-level processing, which includes physi-
ological information from several signals (Scale-3 analysis).
Results of the Scale-3 processing can be the adaptation
parameters sent to Scale-2 processing on the data-receiving
station and/or Scale-1 analysis on the data acquisition unit.
The results of Scale-3 processing consist of compressed and/
or filtered waveforms (which can be buffered) and parameters
from multiple signals, adaptation thresholds/parameters and
feedback messages to users. This information is transmitted
back to Scale-1 and Scale-2 processing to tailor the process-
ing and to provide fast and efficient viewing of compressed
waveforms for the users on mobile devices.

Although most examples herein are related to the field of
medical monitoring, other applications of this invention are
obvious for those skilled in the art.

BRIEF DESCRIPTION OF THE DRAWINGS

A full understanding of the invention can be gained from
the following description ofthe preferred embodiments when
read in conjunction with the accompanying drawings in
which:
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FIG. 1 is a flow chart of multi-scale analysis and represen-
tation of health data in accordance with this invention.

FIG. 2 is a flow chart showing horizontally and vertically
distributed multiscale analysis and representation of health
data in Levels I and II (with horizontally distributed Level I
analysis).

FIG. 3 is a flow chart showing horizontally and vertically
distributed multiscale analysis and representation of health
data in Levels I and II (with horizontally distributed Level I
and II analyses).

FIG. 4 is a diagram of one specific implementation of the
multi-scale, network-distributed processing and display of
physiological information on mobile devices.

FIG. 5 is a diagram of a 2" specific implementation of the
multi-scale, network-distributed processing and display of
physiological information on mobile devices.

FIG. 6 is a diagram of a 3" specific implementation of the
multi-scale, network-distributed processing and display of
physiological information on mobile devices.

FIG. 7 is a diagram of a 4” specific implementation of the
multi-scale, network-distributed processing and display of
physiological information on mobile devices.

FIG. 8 is a block diagram of the implementation of present
invention for magnetic-resonance imaging and filtering elec-
tromagnetic interference generated by the MR-scanner from
physiological signals, such as an electrocardiogram, electro-
encephalogram, transthoracic resistance, blood pressure, res-
piration and oxygen saturation waveforms.

FIG. 9 is a block diagram of the multi-scale (multi-resolu-
tion, multi-level, multi-layer) method and system of the pre-
ferred embodiment of this invention.

FIG. 10 is a block diagram of the analysis unit of a physi-
ological monitoring system (for example, an electrocardio-
graphic, ECG system), which is interfaced with the first level
of'the system of'the present invention (to incorporate the ECG
data, processed or unprocessed).

FIG. 11 is a flowchart of operation of the preferred embodi-
ment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIGS. 4-7 show four possible configurations of the PELEX
(trademark of PinMed, Inc.) system which implements the
main principles and know-how of network-distributed data
processing using an electrocardiogram (ECG) as an example
of physiological signals. The overall concept of the system is
to provide a software and hardware platform for physiologi-
cal monitoring, analysis of serial changes, and wireless com-
munication between patients and medical professionals any-
time, anywhere. The smart phone/PC/computer tablet acts as
an intelligent interface to collect physiological data; analyze
and display vital information; and transmit it onto a remote
server/cloud for detailed analysis of serial changes. The result
of this analysis could be sent to the physician’s and/or
patient’s smart phone to view the data in real time or close to
real time, alert medical personnel and provide appropriate
feedback to the patient. In addition to ECG, the PELEX
system can be also used for collecting, transmitting and pro-
cessing data for electroencephalogram, blood pressure, res-
piration, temperature, glucose level, physical activity, oxygen
saturation, body position, cardiac output, peripheral resis-
tance, pulse transit time, pulse wave velocity, pulse wave
amplitude and other physiological signals.

In Configuration 1 (FIG. 4), the data are collected using
PELEX VITALS (trademark of PinMed, Inc.) data collection
module (DCM), which communicates via Bluetooth with a
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smart phone. The PERSONAL HEART EXPERT program
(trademark of PinMed, Inc.) is installed on the smart phone in
one of the two configurations, PERSONAL HEART
EXPERT PT (for patients) or PERSONAL HEART EXPERT
MD (for medical professionals), as described below. This
program sends commands to the DCM, sets data recording
and transmission parameters and receives data from DCM in
real time. The PERSONAL HEART EXPERT program can
be configured to plot data on the display of a smart phone in
real time, perform first-level processing/compression and
communicate with the PELEX SERVER software (trademark
of PinMed, Inc.) installed on the network server, computer or
Internet server (cloud). The PELEX SERVER software per-
forms second-level and possibly higher-level processing. The
results of this analysis are then used for the following pur-
poses:

1) The PELEX SERVER can be configured to automati-
cally send information/parameters for adjusting the
first-level processing back to the PERSONAL HEART
EXPERT program installed on the smart phone (FIG. 5).

2) The PELEX SERVER can be configured to automati-
cally send processed/compressed data and numerical
results (which can be color coded) to another smart
phone (mobile device) running the PERSONAL
HEART EXPERT MD program for display and review
by medical professionals (FIG. 4).

3) The PELEX SERVER waits for a connection from
authorized users from remote computing devices with
the PELEX HEART EXPERT MD program installed on
their computers and/or smart phones (FIGS. 4-7). When
such users connect to the PELEX SERVER using the
PELEX HEART EXPERT MD program, they can
quickly display and review the data and results of analy-
sis in numerical and/or graphical form (which can be
color coded) on the screen of a computing device (cell
phone, smart phone, tablet or computer).

The architecture and general structure of the PELEX
HEART EXPERT MD and PELEX HEART EXPERT PT
configurations are similar. They include the same or similar
modules for data receiving and buffering, plotting/displaying
in real time (or close to real time), as well as plotting/display-
ing of historical (previously recorded) data, scrolling the data
back and forth in time, zooming in and out, as well as other
standard, graphical user-interface (GUI) functionality. As
shown in FIG. 4, both configurations use the same general
layout of the data display, windows, axes, grids, scroll but-
tons, time stamps and so on. Data buffering is also used in
both programs to improve user experience with the data dis-
play/plotting, providing smooth, substantially continuous
plotting of signals on the screen with the speed of real-time
data streaming (or other, user-defined speed). The size of the
circular buffer for temporary storage of received data could be
adjusted according to the required time delay (proportional to
the buffer size) between the time when data are received and
the time when the data are plotted on the screen, the size and
resolution of the local display (which can be different for
different types of cell phones, smart phones, tablets and per-
sonal computers), as well as user preferences. Using such a
buffered operation, the delay between the time when data are
received and the time when data are plotted usually does not
exceed a few seconds.

The differences between the two configurations are prima-
rily related to the levels of functionality, data processing,
analysis and presentation/display. The PELEX HEART
EXPERT PT receives data from the PELEX VITALS data
recording module (DCM) via Bluetooth wireless link, as
shown in FIG. 4, whereas PELEX HEART EXPERT MD can
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receive the data from either PELEX VITALS data recording
module via Bluetooth wireless link or the PELEX SERVER
(installed on a network server or Internet server/cloud) using
an Internet connection via a wireless cell-phone line or com-
puter cable. The PELEX HEART EXPERT MD also provides
display of waveforms and its detailed analysis, which
includes numerical values, diagnostic text statements and
graphs. The analysis is performed using one or several (con-
secutively applied) plug-and-play analysis modules, which
interface with the main PELEX HEART EXPERT module
via a common input-output data format and interface. Differ-
ent analysis modules have been developed and interfaced
with PELEX HEART EXPERT program for different catego-
ries of patients and/or diseases, for example, modules for
analysis of arrthythmias, for diagnostic analysis of 12-lead
electrocardiogram, for analysis of blood pressure wave and
trends, for analysis of pulse oximetry signal and oxygen
saturation. In contrast, PELEX HEART EXPERT PT appli-
cation does not provide detailed medical summary or numeri-
cal results. Instead, it provides simple feedback messages for
the patient (described below) and a simple interface with the
PELEX VITALS data collection unit allowing data collec-
tion, testing data quality, saving and transmission to the
PELEX SERVER.

FIGS. 6 and 7 show PELEX system configurations, in
which data are transferred to the network server or Internet
server (cloud) running PELEX SERVER from various types
of medical devices (instead of the PELEX VITALS) and
streamed to the physicians’ smart phones running PELEX
HEART EXPERT MD software.

The specific modules of the PELEX system and their fea-
tures include:

1. The all-in-one, miniature, wireless data collection mod-
ule (DCM), which allows virtually any type of ECG
examination, tracking physical activity, body position,
blood pressure, pulse oximetry, electroencephalogram
and other information. In particular, the recorder allows
high-resolution (1 microvolt) recording of 1-12 ECG
signals at 100 to 1000 Hz sampling frequency and can
work as a gold-standard, 12-lead ECG system, stress-
test ECG, Holter or event monitor for long-term (hours
to weeks) monitoring. The miniature size is important
for users (medical professionals and patients) because it
makes the system more convenient to carry (for a medi-
cal professional) and allows the patient to use it during
regular daily activities and during sleep without disrupt-
ing regular life and without being visible to other people.
The DCM is “paired” with a smart phone or PC or a

computer tablet to allow secure connection via Blue-
tooth communication protocol. The signals are then
transmitted from the DCM to the paired smart phone/
PC/tablet for processing. The smart phone/PC/tablet
immediately processes the recorded signals using, for
example, an arrhythmia-detection program or some
other “plug-and-play” processing module. The infor-
mation is stored locally, and can be seamlessly trans-
mitted over the Internet to the Internet server/cloud
using any type of Internet connection (a cell-phone
communication link, a wireless modem, a dial-up
modem, LAN, or Wi-Fi).

II. Cloud/network server PELEX SERVER software
receives the incoming data; performs data compression,
filtering, and conditioning (rectification), as well as
complete morphological analysis, including analysis of
the electrocardiographic amplitudes and intervals
between P, Q, R, S, and T peaks, QT, PQ, QRS-dura-
tions, and ST-intervals; records the results to a database;
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and immediately transmits the compressed and filtered
waveforms, as well as numerical results to the physi-
cian’s smart phone (or personal computer) running the
PELEX HEART EXPERT MD software. The physician
can review the compressed and processed waveform and
parameter data in real time or close to real time on the
smart phone’s display. At the same time, the PELEX
SERVER software automatically sends to the patient’s
smart phone running PELEX HEART EXPERT PT a
simplified statement, such as “Your ECG is being ana-
lyzed. No changes have been found. You can resume
your regular activity” or “Your ECG is being analyzed.
Please stop all physical activity. If changes are found,
you will be notified about the results shortly”” In addi-
tion, the information is color coded green, yellow, or red
to make it understandable for a layperson. The PELEX
SERVER software can be configured in such a way that
if the processing algorithm determines changes or
abnormalities, the information, including compressed
physiological data and medical summary of analysis, is
automatically transmitted to the physician’s smart
phone. In addition, the PELEX SERVER software can
be configured to perform pattern-recognition based (in-
dividually tailored) processing, compression, filtering
and analysis of serial data to detect subtle but clinically
significant changes and abnormalities that escape detec-
tion by visual inspection or standard analysis. The
advanced serial analysis determines individually tai-
lored monitoring thresholds and alarms that are auto-
matically transmitted to the patient’s smart phone to
improve accuracy of analysis of future data. For
example, individually tailored monitoring thresholds
may include those for heart rate (bradycardia, tachycar-
dia, pause), electrocardiographic ST-interval (the
threshold for detecting ischemia) or QT-interval (the
thresholds for determining QT-prolongation). In addi-
tion to the electrocardiogram, the tailored monitoring
thresholds can be also used for other signals, including
blood pressure, heart rate, oxygen saturation, respira-
tion, body position (to diagnose an episode of syncope or
fainting), glucose level, electroencephalogram, tran-
sthoracic impedance, cardiac output, vascular resistance
and other signals.

1I1. The PELEX HEART EXPERT MD software allows
connection to the server over the Internet (or other type
of network) from a computer, cell phone (smart phone),
or computer tablet, fast and efficient display of physi-
ological data on the screen, as well as editing, correction,
and verification of results of analysis. The program also
allows adjustment of the data monitoring thresholds for
each individual patient. The adjusted thresholds are
saved in the PELEX DATABASE (on the network/Inter-
net server) and automatically transmitted to the patient’s
smart phone, running the PELEX HEART EXPERT PT
software (in which the thresholds are updated automati-
cally).

Some Intended Uses and End Users of the PELEX
System

1) Portable 1- to 12-lead ECG recorder for medical profes-
sionals, including cardiologists, internists, nurses, ECG
technicians, emergency medical service (EMS), and
other medical personnel.

2) Long-term, ambulatory ECG monitoring, including
Holter and event monitoring for patients with a history
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of arrhythmias, coronary artery disease, syncope, and
other patients referred for this type of testing by the
physicians.

3) Stress-test ECG for patients with coronary artery dis-
ease.

4) Short-term, serial ECG examinations for patients with
chronic cardiovascular disease, such as congestive heart
failure, who require periodic checkups to optimize treat-
ment and prevent complications.

5) Blood pressure monitoring.

6) Monitoring physical activity and changes in body posi-
tion to detect syncope (fainting).

7) Monitoring respiration, sleep time and quality, sleep-
disordered breathing, and sleep apnea.

8) Monitoring oxygen saturation.

9) Monitoring arterial-pressure wave, arterial wave ampli-
tude, duration, morphology and other characteristics.
10) Monitoring transthoracic impedance, edema, cardiac

output and peripheral resistance.

11) Monitoring blood and/or urine glucose level.

System Overview Using an Example of ECG
Recording

The ECG electrodes (2 to 10 electrodes are required for 1-
to 12-lead recording, respectively) can be attached to the
patient’s chest in standard locations; the recorded signals are
transmitted to the smart phone wirelessly (Bluetooth proto-
col). The smart phone running PELEX HEART EXPERT
program (in the “PT” or “MD” configuration, as described
above) presents a simple interface to 1) set up and configure
the protocol as detailed below; 2) initiate/stop local ECG
monitoring; 3) transmit ECG to the server via Internet using
acell-phone line, wireless modem, a dial-up modem, LAN; or
Wi-Firouter; 4) display recorded ECG signals; and 5) display
results of ECG analysis. The smart phone also transmits the
ECG data to a remote server via a wireless link to perform
advanced processing, compression, filtering and/or analysis,
as well as to determine serial ECG changes. To perform this
analysis, the PELEX SERVER software automatically finds
in its database all ECG recordings from the same patient and
compares the most recent recording with the previous ones.
The results of this analysis alone with the ECG signal are sent
wirelessly to the clinician’s smart phone running PELEX
HEART EXPERT MD software. At the same time, the
PELEX SERVER software also sends back wirelessly to the
patient’s smart phone 1) adjusted values for individual’s
monitoring parameters, and 2) appropriate information for
the patient. In addition, an individual’s monitoring param-
eters can be adjusted in the PELEX SERVER software (using
the PELEX HEART EXPERT MD software for communicat-
ing with the PELEX SERVER) and automatically sent to an
individual’s smart phone running the PELEX HEART
EXPERT PT program (application).

The PELEX HEART EXPERT PT Software
Processing Functions

The PELEX HEART EXPERT PT software on a smart
phone compresses the data into a small set of the most impor-
tant parameters (primary elements) from the incoming sig-
nals, including compressed and filtered waveforms, ampli-
tudes and time intervals, for local display purposes. It also
compresses the information for onward transmission to the
remote cloud/server, reducing the transmission time and bat-
tery drain in the smart phone. Additionally, the software
extracts the information coming back from the remote server
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to 1) adjust the parameters for monitoring primary elements,
and 2) graph serial changes or display other forms of patient-
specific feedback.

Display and Alarms

Once the PELEX HEART EXPERT software on a smart
phone is configured with the above options (in either “MD” or
“PT” configuration, as described above) and a link is estab-
lished with the DCM, the system runs automatically with
little or no user intervention. The local display indicates:

a) Status of the DCM (Bluetooth link within range and

transmitting successfully),

b) Whether the unit is in active recording session,

¢) Whether the unit is transmitting to a network server/
Internet server/cloud,

d) Battery life status in the DCM (this information is con-
tained in the data packet),

e) Battery status on the smart phone,

) Feedback from the remote server, including compressed
data and results of physiological data processing,
including parameters derived from previous recordings,
normal values and the trends over the last N physiologi-
cal recordings, where N is an integer number of records
selected by the user or preset in the software configura-
tion.

Smart Phone—Cloud Communication

The smart phone running PELEX HEART EXPERT pro-
gram (in either “MD” or “PT” configuration, as described
above) establishes a connection with the remote server speci-
fied in the configuration data. If the connection is successful,
the smart phone passes data onto the remote server and then
looks for information coming back from the server/cloud.

The PELEX HEART EXPERT MD Software on a
Physician’s Smart Phone

A physician’s smart phone receives the patient’s physi-
ological information from the cloud (allowing physicians to
monitor patient information remotely, while the patient is
located at a hospital, at home, at the point of care, or on the
road). Because the information (physiological waveforms
and extracted parameters, such as heart rate and blood pres-
sure) has been compressed and filtered on the cloud, the
physician can view the data on the smart phone’s display with
the speed and convenience of real-time data streaming, zoom-
ing in/out, and scrolling data back and forth in time (viewing
historical data) without any time delays.

Network Server (Cloud) Processing, Display, and
Transmission to the Smart Phone

The PELEX SERVER software working on a remote net-
work server, Internet server/cloud performs processing, com-
pression, filtering and analysis of physiological data, includ-
ing analysis of serial changes and multiparametric analysis of
several signals/data streams (fusion of data from several data
sources), individual adjustment of the monitoring parameters
that are transmitted back to the patient’s smart phone. The
server also transmits physiological data and results of serial
analysis to the clinician’s smart phone. The following is a list
of the required elements of the PELEX SERVER software.

The PELEX SERVER Software on a Network
Server/Internet Server/Cloud

1) The PELEX SERVER software processes requests from
multiple smart phones (running PELEX HEART
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EXPERT software in either “MD” or “PT” configura-
tion, as described above), establishes multiple simulta-
neous connections, retrieves from the database physi-
ological data for each individual patient (including serial
recordings obtained at different time points), performs
serial analysis, and stores the information in the PELEX
DATABASE (trademark of PinMed, Inc.) for future ref-
erence; the PELEX DATABASE software can be also
installed on the same networks server where the PELEX
SERVER is located or it may be installed on another
network server, or distributed among several servers on
the network/cloud.

2) Once a session is established with a smart phone, the
incoming physiological data is immediately processed,
compressed and filtered automatically, for example, to
verify location of the electrocardiographic fiducial
points, including P, Q, R, S, and T-peaks, and primary
elements. Next, serial analysis is performed using a
mathematical transformation, such as a linear orthogo-
nal decomposition, with minimal time delay. The fol-
lowing parameters are set up prior to the analysis: adjust-
able time windows, window overlap, and the number of
eigenvectors used.

3) All active sessions are listed with the patient ID. At any
time point it is possible to select an individual’s incom-
ing physiological data and view itin real time along with
the results of the above analysis.

4) The server also sends compressed waveforms and results
of the serial analysis to the clinician’s smart phone for
viewing these compressed signals and changes in most
important parameters (e.g., heart rate) on the smart
phone in real time or close to real time. Continuous
streaming of real-time data and user-adaptive viewing
(such as scrolling and viewing historical data, zooming
in and zooming out) is enabled by transferring com-
pressed data over the network to minimize the time delay
and buffering compressed waveforms on the smart
phone for substantially continuous (uninterrupted) dis-
play.

5) The server can also be configured to send updated moni-
toring parameters back to the patient’s smart phone.
These parameters are derived from serial physiological
data to represent an individual’s range of variations in
the primary elements. Adjustment of these individually
tailored parameters in the PELEX HEART EXPERT PT
on the patient’s smart phone personalizes monitoring
thresholds and improves the accuracy of real-time track-
ing and quantification of serial changes.

Viewing Tools

1) Waveforms, including raw, compressed, and filtered sig-
nals.

2) Simple graph, such as ECG with R-peaks marked.

3) Trends of the serial changes in the primary elements. The
normal range, maximum and minimum thresholds
should be marked by different colors (green=normal,
yellow=borderline [close to the thresholds],
red=abnormal [exceeds the threshold or range]).

The PELEX system for multi-scale analysis of physiological
data and its serial changes over time is described and claimed
in Shusterman granted U.S. patents and pending patent appli-
cation referenced above. These patents and application are
based on mathematical transformations and models, such as a
linear orthogonal decomposition, and are presently the most
accurate methods for compressing data and tracking changes
in physiological data. Compressing the data and distributing
processing among computing devices connected to a network
(Internet cloud) minimizes the data-transmission time and
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tailors data processing to the computational resources of the
network (including data-transfer rate and speed) and comput-
ing devices. The distributed processing is implemented by 1)
constructing several information scales (levels or resolutions)
that represent data and its most significant parameters at
different levels of detail; and 2) exchanging the information
between the scales. Low-resolution processing (Scale I) com-
presses the data into a small number of the most important
primary elements, such as heart rate, blood pressure, oxygen
saturation, respiration rate, and duration of electrocardio-
graphic waves and intervals (PQ, QRS, and QT-intervals,
amplitudes of P-, Q-, R-, S-, and T-waves). This low-resolu-
tion processing is implemented in a mobile device and works
in real time. At intermediate-resolution processing (Scale II),
the data and its serial changes are processed, compressed and
analyzed, using a series of basis functions and their coeffi-
cients. At high-resolution processing (Scale III), serial
changes in the physiological signals (data) and their combi-
nations are processed, compressed and analyzed, using a
mathematical transformation, such as a linear orthogonal
transformation, to provide complete information about each
signal and its dynamics. Thus, Scale I allows tracking most
significant changes in real time using a portable, mobile,
easy-to-use device. At the same time, the data is transmitted to
a remote network/Internet server (cloud) for further process-
ing at the higher resolution. The server for the higher-resolu-
tion analysis can be located in a medical center or another
dedicated facility. The results of the high-resolution process-
ing include:

personalized thresholds and alarms that are sent to the

patient’s mobile device, running PELEX HEART
EXPERT PT software, for individual tailoring and fine-
tuning of the real-time, low-resolution analysis and
monitoring; and

if necessary, compressed waveforms, numerical param-

eters (e.g., heart rate or blood pressure values, which can
be color coded to facilitate review) and graphs/plots of
data trends are transmitted in real time or with minimal
delay to a cell phone (smart phone, mobile device) of a
medical professional, running PELEX HEART
EXPERT MD software, for display and review.

FIG. 8 shows the implementation of the multi-scale system
for data processing and display in the MRI-environment. The
signal Sig. 1 and the reference signal Ref. 1 are recorded from
the same or close location by a single sensor (electrode) S1 or
by separate sensors S1 and S11. Because of the same or
similar location and simultaneous data collection, both sen-
sors are subjected to the same electromagnetic interference
(EMI). The signals collected by sensor S1 represent a sum of
“true” physiological data, d1, and local EMI, n1, whereas data
collected by sensor S11 represents local EMI only, n1. There-
fore, subtracting the information collected by sensor S11
from that collected by sensor S1 provides filtered physiologi-
cal data, FD1=d1+n1-n1=d1. This procedure can be repeated
for all sensors, such as sensor S2 and reference sensor S22,
sensor S3 and reference sensor S33 in FIG. 8 (e.g., all elec-
trocardiographic leads) recorded at different locations, as
well as for more complex types of EMI, which consist of
several concurrent magnetic-field gradients, RF-pulses and
other types of noise and/or interference. The subtraction can
be implemented at the level of hardware, as a differential
electronic cascade, as well at the level of firmware within the
data acquisition unit or at the level of software. The operation
can be adapted either by a user or by an algorithm, depending
on the specific levels of EMI and data processing demands. In
the latter scenario, the user reviews the data collected by
sensors on a mobile device and/or on a computer station.
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According to the data quality and the requirements of the
data-processing application, the user turns the subtraction
ON or OFF. If the subtraction is turned OFF, the signal from
sensor S11 is collected along with other signals. This adaptive
process can be also turned ON or OFF automatically by the
software algorithm.

FIG. 9 is a block-diagram of a preferred embodiment of a
system for at least one of information management, decision
support, diagnosis, examination (physical, physiological,
biochemical, etc.), monitoring, advice, medical recommen-
dation, and bi-directional communication between individu-
als (patients), medical professionals (physicians, nurses,
technicians) and medical centers. The system may receive
physiological or health data (for example, ECG data) from a
recorded data source for analysis, but preferably receives the
data real-time, on-line. As used herein, patient means an
animal, and most likely a human. The medical device further
includes an analysis unit or module 40 which, in turn, consists
of processing, compression, storage, and comparison units
(FIG.10). The processing unit 41 can be a typical computer or
personal computer of the type available from many vendors
such as IBM or Hewlett-Packard. The processing unit 41 is
programmed to detect a plurality of characteristic points such
as the onset, peak and offset of P-, Q-, R-, S-, T-, U-waves, and
computes the characteristic parameters or primary elements
which include amplitudes of the said waves and ST-segment,
duration of PQ-, QRS-, and QT-intervals. The processing unit
41 has a programmable microprocessor that can be pro-
grammed to modify or change the set of primary elements or
to adjust their search criteria. This allows individual adjust-
ment of the characteristic points which, in turn, increases the
accuracy of detection of the primary elements. For instance,
in signals with biphasic T-wave, two T-peaks should be
detected, whereas monophasic T-wave requires detection of a
single T-peak. Furthermore, the criteria for determining the
offset of biphasic T-wave are different from the criteria for the
offset of monophasic T-wave. Individual adjustment of the
primary elements and their search criteria increases the accu-
racy of the detection of characteristic points in different ECG
patterns. Still another possibility is analysis of combined
changes in some primary elements or disabling analysis of the
other elements. For example, in patients with possible elec-
trolyte abnormalities, the amplitudes of the T-wave and
U-wave may be combined into a single index which will be
convenient for monitoring. Furthermore, the set of monitored
primary elements can be modified according to the specifics
of cardiovascular abnormality. For example, in patients with
coronary artery disease, the amplitude and the slope of the
ST-segment should be monitored continuously. However, its
initial or chronic displacement (e.g., chronic ST-depression)
might require an individual threshold adjustment to improve
separation of chronic from acute changes.

FIG. 11 is a flowchart of the operation of the preferred
embodiment. Compression unit 42 compresses the ECG
waveform into a few weighted basis vectors and their coeffi-
cients using principal component analysis, wavelet decom-
position, or other orthogonal mathematical transformation.
Storage unit 43 stores the compressed waveforms and the
computed primary elements into memory. Comparative unit
44 compares the newly acquired waveforms and newly com-
puted primary elements with the waveforms and primary
elements previously stored in the storage unit 43. The analysis
unit 40 has means for adjusting the thresholds for each indi-
cator, whereas the default values correspond to normal ECG.
An output unit 60 includes a screen or a set of indicators for
displaying the ECG waveforms and the computed primary
elements in comparison with the previously stored primary
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elements or in comparison with the default reference values.
The results of comparison can be represented both qualita-
tively and quantitatively in the dynamic and static modes.
Abnormal readings may be further classified into moderately
abnormal and severely abnormal. To make the indicators
understandable to a lay person, the degree of abnormality
may be color-coded: green color corresponds to a normal
value, yellow corresponds to a moderate abnormality, and red
corresponds to a severe abnormality. In the dynamic mode,
the quantitative representation shows the differences between
the newly acquired and stored primary elements and wave-
forms, whereas the qualitative representation includes indi-
cation of each parameter as being changed (C) or unchanged
(U). The output unit 60 may alternatively or additionally feed
an output data to an action unit 80 for sounding an alarm,
generating a vibration, or taking appropriate measures, such
as applying the drugs or adjusting the therapy mode. Com-
munication unit 100 transmits the information between the
device 10 and external higher-level processing device 110.
The communication unit 100 may be a modem or a wireless
transmitter/receiver.  Electrocardiographic signals and
recorded values of primary elements and indexes are trans-
mitted from the device 10 to higher level devices for more
detailed processing and storage. The higher-level device 110
preferably transmits back to device 10 a set of primary ele-
ments and their search criteria to be used in device 10.

EXAMPLE 1

Application for Remote Management of Patients
with Heart Failure

Congestive heart failure (CHF) afflicts more than 5 million
Americans, causing over a million hospital admissions every
year. The estimated annual cost of this illness to the US
economy is $39 billion. One half of these costs can be attrib-
uted to hospitalizations related to CHF decompensation, and
nearly half of hospital readmissions are caused by medication
or dietary nonadherence. Assessing CHF progression is chal-
lenging, because the standard-of-care periodic evaluations of
body weight, blood pressure, and clinical symptoms cannot
provide an early indication of CHF worsening. Moreover,
recently introduced implantable sensors for tracking intratho-
racic fluid accumulation (which are costly, require time-con-
suming insertion procedures, and carry the risk of complica-
tions) have not produced consistent results.

For remote monitoring of CHF patients at home, they are
given:

miniaturized data collection modules (DCM) shown in

FIG. 4.;

off-the-shelf ECG electrodes;

instructions for attaching the electrodes and operating the

monitors.

The DCM are attached to the ECG electrodes and activated
by the patients 5 minutes before the start of the 6-minute
walk; they are turned off and disconnected 10 minutes after
the exercise. The data are recorded onto a flash memory card
located inside the DCM. In addition, the patients receive daily
automatic text reminders (30 minutes before the start of the
6-minute walk) via the cell-phone communication link. The
12-lead, high-fidelity ECG, physical activity, changes in body
position, as well as clinical dynamics (shortness of breath,
chest pain) are recorded by patients daily during the 6-minute
walk and sent via the cell-phone communication link to the
cloud for processing. Physicians are able to track the dynam-
ics of patients’ waveforms (ECG, blood pressure, respiration
rate, oxygen saturation, as well as their speed during exer-
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cises) from their smart phones, which receive these data from
the cloud in a compressed form. Cardiologists and exercise
physiologists can track the dynamics of ECG, blood pressure
and respiration during exercise in real time on the display of
their smart phones connected to the cloud. If the ECG starts
showing potentially life-threatening abnormalities (signs of
cardiac ischemia) or significant changes in blood pressure or
respiration rate, the physicians can stop the exercise. Alter-
natively, the cloud system can monitor changes in these
parameters using its automatic processing software algo-
rithms with personalized thresholds and alarms (which are
adjusted according to the individual reference values, as
described above). If the changes in the vital signs exceed
these personalized thresholds, the cloud sends an alarm and
compressed data to the physician’s smart phone for review;
and at the same, it sends a message to the patient to stop
exercising (walking). The personalized thresholds are deter-
mined automatically by the cloud software (e.g., personalized
range of normal heart rate, blood pressure, respiration rate,
etc.). Alternatively, these thresholds can be manually changed
in the cloud’s database by medical professionals, using their
smart phones for communicating with the cloud; after that,
updated thresholds are sent to the patient’s smart phone to
update/replace previous threshold settings in the smart
phone’s software automatically.

If the software and/or attending physicians (reviewing the
compressed data downloaded from the server to their smart
phones in real time) detect life-threatening changes, an imme-
diate change in patient’s management can be initiated. If the
changes in patient status are life threatening, the cloud soft-
ware and/or physicians from their smart phones send an alarm
to dispatch an ambulance and to alert the Emergency Medical
Services (EMS) personnel.

EXAMPLE 2

Application for Remote Detection and Differential
Diagnosis of Syncope

Syncope (loss of consciousness) accounts for 3-5% of
emergency department visits and 1-6% of all urgent hospital
admissions in the US. As many as 1-2 million Americans are
evaluated annually for syncope, and the costs associated with
diagnostic tests, hospitalization and clinical management are
overwhelming. The diagnostic evaluation is complicated by
an extensive range of possible etiologies, from cardiac to
neurological and psychiatric disorders. Furthermore, up to
47% of patients may be discharged without final diagnosis,
and the 1-year mortality rate in syncope of cardiac origin
could reach 18-33%. This indicates the need and importance
of developing clinical diagnostic modalities that could help
differentiate between benign and life-threatening etiologies
of syncope.

By allowing simultaneous collection of a high-quality (di-
agnostic) 12-lead ECG, physical activity and body position
over prolonged periods of time, the PELEX system with
distributed processing can eliminate the need for multiple,
sequential diagnostic ECG tests, which include Holter, event
and ambulatory telemetry ECG monitoring. This will shorten
the time from initial evaluation to final diagnosis and reduce
associated costs.

The DCM is given to patients for continuous monitoring of
12-lead ECG, blood pressure, physical activity and body
position. The data is collected continuously over a 30-day
period, compressed and either stored on a local memory card
or transmitted in a real-time to the cloud for further process-
ing. The episode of syncope is manifested by a sudden fall
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(detected by the 3-axial accelerometer sensor.) Simultaneous
measurements of physical activity (the impact of previous
activity level), electrocardiogram (for diagnosing arrhyth-
mia), blood pressure (for detecting sudden pressure drop)
help in identifying the mechanism of syncope. The data may
also include blood pressure measured from several sensor
locations, pulse transit time, pressure wave, its amplitude and
duration. The data are compressed by the smart phone app and
sent to the cloud for further processing, compression and
conditioning. From the cloud, processed and compressed sig-
nals (ECG, blood pressure, physical activity and body posi-
tion) are sent to the physician’s smart phone for display and
review. The analysis on the cloud can identify periods of
sudden changes in body position (fainting) and send only
those periods to the physician’s smart phone for review. The
criteria and time intervals for sending such data can be
adapted to the specifics of the patient’s medical status and
physician’s preferences. This adaptation can be achieved
using physiological basis functions disclosed in Shusterman
patent application Ser. No. 12/885,520, filed on Sep. 19,
2010.
Whereas particular aspects of the method of the present
invention and particular embodiments of the invention have
been described for purposes of illustration, it will be appre-
ciated by those skilled in the art that numerous variations of
the details may be made without departing from the invention
as described in the appended claims.
What is claimed is:
1. A method for adaptive, multi-level processing of health
data with said processing levels distributed among computing
devices connected to a network of computers, said method
comprising:
collecting at least one signal of an individual’s health data
by substantially continuous monitoring said health data;

sending said at least one signal to a first computing device
for first-level processing which includes detecting a plu-
rality of primary elements of said data and processing
said primary elements in low resolution to generate data
respecting time intervals or amplitudes of said primary
elements, storing reference values of said primary ele-
ments, and comparing said reference values with newly
received data to produce qualitative indicators and quan-
titative data of differences between said reference values
and said newly received data;
sending said signal after said first-level processing to a
second computing device for second-level processing at
higher resolution and analysis of changes, selected from
at least one of continuous and serial changes, in at least
some of the said primary elements in said data, using at
least one method selected from mathematical decompo-
sition and methods of artificial intelligence to improve at
least one of said first-level and second-level processing,
said second-level processing being adapted to corre-
spond to at least one parameter selected from the user
commands and computational resources of the network
and said first and second computing devices;

exchanging information between said first-level and sec-
ond-level processing, said exchanging adapted to corre-
spond to at least one parameter selected from the net-
work data-transfer rate, user commands and
computational resources of said first and second com-
puting devices; and

displaying at least the results of one of said first-level and

second-level processing.

2. A method as set forth in claim 1 in which said computing
devices are connected to at least one of a network of comput-
ers and the Internet.
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3. A method as set forth in claim 1 that includes exchanging
information between said two levels of processing to adapt
and coordinate said two levels of processing with respect to at
least one feature selected from speed, accuracy and display of
said signal.

4. A method as set forth in claim 1 in which said signal that
is compressed is stored in said remote computing device.

5. A method as set forth in claim 1 in which results of the
second-level processing are displayed both quantitatively and
qualitatively.

6. A method as set forth in claim 1 in which said atleast one
signal is collected from an MRI scanner.

7. A method as set forth in claim 6 in which at least a
reference signal and a physiological signal are collected from
substantially the same location on a subject and the reference
signal is subtracted from the physiological signal to improve
accuracy of the analysis.

8. A system for adaptive, multi-level processing of health
data with said processing levels distributed among computing
devices connected to a network of computers, said system
comprising;

at least one sensor for collecting at least one signal of an

individual’s health data by substantially continuous
monitoring said health data;

at least one mobile (first) computing device for receiving

said at least one signal and performing first-level pro-
cessing of said at least one signal which includes detect-
ing a plurality of primary elements of said data and
processing said primary elements in low resolution to
generate data respecting time intervals or amplitudes of
said primary elements, storing reference values of said
primary elements, and comparing said reference values
with newly received data to produce qualitative indica-
tors and quantitative data of differences between said
reference values and said newly received data;

said at least one mobile computing device further having

communication capability and software for network
communication with at least one second computing
device, which is adapted to perform second-level
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(higher-resolution) processing and analysis of changes,
selected from at least one of continuous and serial
changes, in at least some of the said primary elements in
said data, using at least one method selected from math-
ematical decomposition and methods of artificial intel-
ligence to improve at least one of said first-level and
second-level processing, said second-level processing
adapted to correspond to at least one parameter selected
from the user commands, computational resources of a
network and said first and second computing devices,
and said mobile computing device further having com-
munication capability for exchanging information with
said second computing device to coordinate said two
levels of processing using at least one parameter selected
from the network data-transfer rate, user commands and
computational resources of said first and second com-
puting devices; and

said at least one mobile computing device having a display

unit for presentation of said at least one signal and pri-
mary element, said presentation adapted to correspond
to computational resources of said network, first com-
puting device and second computing device.

9. A system as set forth in claim 8 in which said computing
devices are connected through the Internet network.

10. A system as set forth in claim 8 in which said second
computing device to perform second-level processing is
selected from a network server and the Internet server.

11. A system as set forth in claim 8 in which said at least
one mobile computing device is a cell phone.

12. A system as set forth in claim 8 in which said at least
one signal is collected from an MRI scanner.

13. A system as set forth in claim 8 which includes a storage
unit for storing the compressed signal to buffer said exchang-
ing of information between computing devices.

14. A system as set forth in claim 8 which includes a
compression unit that compresses waveforms using at least
one type of mathematical transformation.
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